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ABSTRACT 
Double layer grids constitute an important family of space structures. Several industrialised 
structural systems have been developed and applied for the construction of prefabricated 
double layer grids and one of the most popular of these is the MERO-type system. A 
double layer grid constructed by this system involves a large number of bolts and each bolt 
also involves different degrees of tightness. The study of the effects of bolt tightness on the 
behaviour of this type of double layer grid is the objective of the present research. 
Due to the presence of a large number of bolts with various degrees of tightness and the 
complexity in the load transfer mechanism of the bolted connectors, a purely analytical 
approach for investigation is not suitable. Also, small-scale models cannot reflect the 
influence of the bolt tightness on the behaviour of double layer grids in real-life situations. 
Therefore, the present work is based on an experimental study which was carried out using 
a full-scale structure. 
The experimental work was carried out on a 10m by 10m double layer grid constructed by 
components that are normally used in practice. The grid was constructed in the University 
of Mazandaran in Iran. The grid has 392 elements, 113 nodes and 12 possible support 
positions. A number of different experiments were carried out involving two grid 
configurations and three different support arrangements. Since the main emphasis was on 
the study of the effects of bolt tightness, different levels of bolt tightness were tested for 
every experimental case. In each case, all the bolts were tightened to a specific degree of 
tightness. Then, a concentrated load was applied at the central node of the upper layer and 
the deflections of a number of bottom layer nodes were measured. 
The load-deflection responses of the test grids show that the degree of bolt tightness has a 
significant effect on the behaviour of the grids. The results also indicate that there are 
major disagreements between the actual and theoretical deflections of the grids. In fact, in 
all the cases the experimental results are greater than those obtained from analysis. 
Furthermore, experimental studies show that the load-deflection responses of a MERO- 
type double layer grid lie in a region whose upper and lower limits depend on the 
configuration, loading and support conditions of the grid. 
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CHAPTER 1 
INTRODUCTION 
1.1 Introduction 
Double layer grids are an important family of space structures used to cover large spaces. 
For ease of handling, flexibility in fabrication and speedy on-site erection, these structures 
are often prefabricated. The components of prefabricated double layer grids are normally 
mass produced in factory with a high standard of quality control. Several industrialised 
systems have been developed and applied in construction of these structures and the most 
popular of these are the MERO-type systems. Such a system consists of tubular 
components that are connected to spherical nodes by means of bolts. 
In a double layer grid constructed by a MERO-type system, each bolt can have different 
degrees of tightness. This degree of tightness will affect the behaviour of the double layer 
grid. Therefore, the actual response of such a double layer grid cannot be determined 
precisely by using a purely theoretical approach. A search of the literature reveals that the 
studies related to the effects of bolt tightness on the behaviour of double layer grids are 
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rather limited. Nevertheless, a few experimental studies on the MERO-type connectors 
show that the degree of bolt tightness plays an important role on the moment-rotation 
relationship of the connectors [3,7 and 19]. However, no study of the behaviour of double 
layer grids influenced by the degrees of bolt tightness is found in the literature. 
1.2 Double layer grids 
A double layer grid consists of two parallel layers of elements that are connected together 
with web elements. From the configuration point of view, these two layers may or may not 
have identical patterns. Also, the two layers may be placed exactly one above the other or 
at an offset with respect to each other. Double layer grids where two identical parallel 
layers of them are placed exactly above each other are referred to as "truss grids". Other 
double layer grids with their two layers placed at an offset with respect to each other are 
referred to as "offset grids". 
A wide variety of configurations is used for truss as well as offset double layer grids. The 
plans and perspective views of the three most commonly used offset double layer grids are 
shown in Fig 1.1. In this figure the top layer elements, bottom layer elements and web 
elements in the plans of the grids are drawn by thick, thin and dashed lines, respectively. 
The double layer grid of Fig 1.1 a consists of a binate (a simple two-way chequered pattern) 
top layer and a binate bottom layer. A configuration of this type is referred to as "binate on 
binate". The double layer grid of Fig I. lb is created by removing four nodes in the bottom 
layer which results in the elimination of 16 web elements and 16 bottom layer elements. A 
configuration of this type is referred to as "reduced binate on binate". In the case of the 
grid of Fig 1.1c, both the top and bottom layers have an obnate pattern (a simple diagonal 
pattern). A configuration of this type is referred to as "obnate on obnate". 
There are also many double layer grids with a binate pattern for one of the layers and an 
obnate pattern for the other layer. One of these types of double layer grids is shown in Fig 
1.2. In this figure the top layer elements and the bottom layer elements of the plan are 
shown by thick and thin lines respectively. This double layer grid is "obnate on binate", 
that is, it has an obnate top layer and a binate bottom layer. Nooshin [16], Makowski [14] 
and Hadker [9] presented a wide variety of configurations for double layer grids that can 
be used in practice. Also, some types of these grids are discussed in "Chinese Code of 
Practice for the Design and Construction of Space Trusses" [5]. 
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(a) A binate on binate grid 
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(b) A reduced binate on binate grid 
(c) An obnate on obnate grid 
Fig 1.1 plans and perspective views of three offset double layer grids 
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An important characteristic of double layer grids is that the main internal forces in their 
elements are axial forces. Bending moments, shear forces and torques are also present in 
the elements in various proportions depending on the cross-sectional properties of the 
elements and the jointing system. However, the non-axial force effects in these structures 
are normally secondary. Because of this, the analysis of double layer grids is normally 
simplified by using the assumption that the connectors behave as pinned joints. 
Fig 1.2 plan and perspective view of an obnate on binate double layer grid 
Most double layer grids are prefabricated. So, the components of these structures are 
normally mass produced in factory with a high level of quality control. The connector is 
the most important part of a prefabricated system and the commercial success of any 
system relies directly on its effectiveness and simplicity. One of the most popular types of 
connectors that is widely used in the construction of double layer grids is the MERO-type 
system. 
1.3 The MERO system 
The MERO jointing system is one of the oldest proprietary space frame jointing systems 
available, having been developed in Germany in 1940[1]. This system is a multidirectional 
system allowing up to fourteen members to be connected together at various angles to a 
spherical node. The jointing system is suitable for both single and multilayer space 
structures of various geometries including those with curved and irregular shapes. Consider 
Fig 1.3a where four tubular elements are connected together by means of a MERO jointing 
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system. The details of the connector are shown in Figs 1.3b and 1.3c. The constituent parts 
of the system are: 
9A forged steel ball. 
0A forged steel conical end piece, 
0A high tensile bolt. 
0A sleeve with a window and 
"A dowel pin. 
a) General view of four 
connected elements 
(b )Section AA 
Dowel pin Window 
Sleeve Conical end piece 
(C) Outside view 
Fig 1.3 MERO jointing system 
The ball is located at the intersection of the longitudinal axes of tubular elements. The 
conical end pieces are welded to the end of the tube element. A high tensile bolt passes 
through the conical end piece and is screwed into the ball by means of a sleeve. A dowel 
pin is used to constrain the bolt to the sleeve in order to allow the turning of the bolt. There 
is a window on the sleeve that allows the movement of the dowel pin and indicates the 
penetration of the bolt in the ball. 
13 
Tubular elements 
Steel ball High tensile bolt 
The interaction between the tubular elements and the connectors in a structure usually 
involves tensile, compressive and bending effects. The tension in a member is transferred 
to the ball through the conical end piece and the bolt, as shown in Fig 1.4a. In this case the 
bolt is under tension and the sleeve is inactive. 
A compressive force in a tubular member is transferred to the ball by direct bearing 
through the conical end piece and the sleeve, as shown in Fig 1.4b. In this case, the sleeve 
is under compression and the bolt is inactive. 
P4 I-- 0__I] III -p 
(a) Connector under tension 
P II II 41 P 
(b) Connector under compression 
Mý.. M 
Gap 
(c) Connector in bending 
Fig 1.4 Load transfer in MERO jointing system 
Under the action of a sagging bending moment the connector assumes the deformed shape 
shown in Fig 1.4c. Because of the bending deformation, the lower part of the sleeve is 
separated from the ball and the conical end piece. Thus, the lower part of the sleeve does 
not contribute to the transmission of the bending moment due to the gaps. Therefore, the 
bending moment is transmitted by the bolt and the upper part of the sleeve. 
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The three cases of load transfer shown in Fig 1.4 are idealised forms. In practice, the loads 
will be either a combination of a tensile force together with some bending or a combination 
of a compressive force together with some bending. Furthermore, experimental studies 
show that the degree of tightness of sleeves has a significant effect on the connection 
behaviour [3 and 19]. 
1.4 Bolts 
The main objective of the present research is the study of the effects of bolt tightness on 
the behaviour of MERO-type double layer girds. These bolts are made of high tensile alloy 
steel. The terminology for a bolt thread is illustrated in Fig 1.5. The pitch is the distance 
between adjacent thread crests measured parallel to the thread axis. The major diameter d 
is the largest diameter of the bolt thread. The minor diameter dr is the smallest diameter in 
the bolt thread. The mean value of the major and minor diameter is the mean diameter, as 
shown in the figure. The tension produced by tension load on the bolt may be found using 
dividing the force by an area which is called as tensile area. The tensile area has a diameter 
equal to the mean of the pitch diameter and minor diameter where according to ANSI 
B1.1-1974, the minor diameter was found from the equation dr =d-1.226869p, and the 
pitch diameter from dm =d-0.649519p. 
Major diameter 
Mean diameter 
r-- Minor diameter 
H H- Pitch p 
45° Chamfer 
il 
-ý 1 
Root --ý Crest ! dread angle 20t = 60° 
Fig 1.5 Terminology for a bolt thread 
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In the Metric standard the character M followed by a number is being used to call a bolt or 
nut. For example: M12 indicates a bolt which has a major diameter of 12 mm. The 
mechanical property classes of the bolts are given in Table 1.1. 
Table 1.1 Mechanical property classes of bolts 
Property Size range, Minimum Minimum Minimum material 
classes inclusive proof tensile yield 
Strength, Strength, Strength, 
M pa M pa M pa 
4.6 M5-M36 225 400 240 Low or 
medium 
carbon 
4.8 M1.6-M16 310 420 340 Low or 
medium 
carbon 
5.8 M5-M24 380 520 420 Low or 
medium 
carbon 
8.8 M16-M36 600 830 660 Medium 
carbon, Q&T 
9.8 M1.6-M16 650 900 720 Medium 
carbon, Q&T 
10.9 M5-M36 830 1040 940 Low-carbon 
marten site, 
Q&T 
12.9 M1.6-M36 970 1220 1100 Alloy, Q&T 
The first column of Table 1.1 indicates the number of the bolt (class property) that is 
marked on the head of the bolts. The second column indicates the range of major diameter 
size in which the bolt is being made. The proof strength of the bolt is indicated in column 
three. According to the ASTM definitions, the proof strength is the maximum stress that a 
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bolt can withstand without acquiring a permanent set. The minimum tensile strength and 
the minimum yield strength are given in the fourth and fifth columns, respectively. The 
material of the bolt is specified in the last column. 
1.4.1 Relating bolt torque to bolt tension 
Tightening the bolt by applying torque on it causes the tension in the bolt. The question is: 
what is the relation between the applied torque and the tension in the bolt? It is obvious 
that the amount of tension produced in the bolt depends on the coefficient of friction 
between the surfaces of the engaged threads. JE Shigley discussed the matter in his book 
in detail (Shigley J. E. and Mischke C. R., "Mechanical Engineering Design", McGraw 
Hill, 2003). He suggested an equation to determine the torque needed to be applied on the 
bolt to produce a given tension in the bolt as follows: 
T=0.2F; d (1.1) 
Where T is the applied torque, F; is the tension in the bolt and d is the major diameter of 
the bolt. Regarding the data presented by Shigley in his book, although the coefficient of 
friction may vary widely, above equation can be used to obtain a good estimation. 
1.5 Previous work 
Experimental and analytical investigations show that connectors in steel structures 
normally behave in a semi-rigid manner. In contrast to steel rectangular frame structures, 
limited studies have been carried out on space structures. Some studies have been carried 
out to consider the effects of joints on the stability of shallow single layer lattice domes 
and the behaviour of double layer grids. Experimental results show that the behaviour of 
the connectors can have significant effects on the response of the structures. 
Murakami [15] studied analytically the elastic behaviour of a single layer latticed dome 
with flexible joints under gravity loads. The flexibility of the connectors was modelled by 
a rigid part and rotational spring at the two ends of the elastic beam element. The 
behaviour of the rotational springs was considered to be linear with respect to the flexural 
stiffness of the beam element. The following points can be deduced from Murakami 
studies on the elastic buckling load of the dome: 
" Flexibility of the connector has a significant effect on the behaviour of the dome, 
" The behaviour of the structure lies between the pin and rigidly jointed cases and 
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" The variation of the behaviour with respect to the connector flexibility depends on 
a number of parameters such as the dome configuration, slenderness ratio of the 
beam elements and the buckling modes. 
Kato et al [10] studied the effects of joint rigidity on the buckling strength of single layer 
lattice domes. A single layer dome, with regular three way grids, under vertical loading 
was analysed. The jointing system was considered as screw-type ball joint. They found that 
the member strength curve could be expressed in terms of a modified generalised 
slenderness ratio, which reflects the reduction of elastic buckling loads due to the semi- 
rigidity parameters of joints. 
Ueki et al [22] studied the buckling behaviour of a number of single layer domes 
constructed of members with flexible ends. They reported that the end conditions of the 
elements have an important role in buckling strength of the model. 
Yamada et al [24] studied the effect of joint flexibility and loading conditions on the 
buckling characteristics of single-layer latticed domes. They reported that the joint 
flexibility has an important role in the behaviour of single layer lattice domes. 
Kato et al [11] investigated the buckling behaviour of a semi-rigidly jointed latticed 
spherical dome of single layer. They reported that the structural properties of the connector 
have large effects on the elastic-plastic buckling load of single layer latticed domes. 
Cheong et al [4] studied how connector joint type affects inelastic dynamic behaviour of 
single layer latticed dome subjected to earthquake motions. Lattice domes with pin, fixed 
and semi-rigid connector joints were used as study models. They concluded that the 
bearing capacity of members is reduced by the interaction effects of axial force and 
bending moment. This interaction effect is large in cases that the semi-rigidity of joint is 
small. 
Fathelbab and McConnel [7] developed an approximate tangent stiffness matrix for a 
general space frame member. Using their method together with published experimental 
results, they have shown the significant influence of joint characteristics on the behaviour 
of space structures. 
Lightfoot and LeMessurier [13] developed a computer program for the linear elastic 
connectors. They used a physical model made from scaffolding tubes with flexible 
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couplers to show that the theory and the corresponding computer program correctly 
predicted the elastic instability strength of such frames. 
Swaddiwudhipong et al [21] investigated the behaviour of a MERO-type connector under 
bending moment experimentally and analytically. They reported that the predicted 
buckling loads of members based on pin-end assumption of members are normally too 
conservative. 
Rashed et al [17] studied the collapse behaviour of space trusses with a MERO-type 
jointing system. They stated that experimental investigation of joint behaviour and 
member joint investigation have shown that bolt connectors are able to undergo the large 
rotations, which may take place after buckling. 
Shibata et al [19] investigated the effects of joint properties on the ultimate strength of 
single layer reticular domes. The domes with the MERO-type jointing system were loaded 
into the post-buckling region by controlling displacement at the central node. The 
experimental results were compared with analytical ones obtained from the finite element 
method, considering the semi-rigidity of the jointing system as an elastic-plastic springs. 
According to their results, obtained experimentally and analytically, the conclusions drawn 
are as follows: 
" The joint system plays an important role on the ultimate strength of the domes so 
that with increment in the bending rigidity of the connectors, the domes obtain a 
large ultimate strength. 
" The looseness of connectors causes a considerable decrease in the ultimate strength 
of shallow domes. 
" Studies are needed on both the buckling analysis and loading test of actual scale 
specimens, to establishing estimation for ultimate strength of single layer lattice 
domes. 
Kitipomchai et al [12] investigated theoretically the effects of bolt slippage on the 
deflection and ultimate strength response of lattice structures. The results of this study 
illustrate that while the slippage of bolts may have some effects on the deflections, it does 
not significantly influence the ultimate strength of the lattice structures. 
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A considerable discrepancy was found between the theoretical deflections and measured 
deflections during the construction of a stadium in Split, Croatia. This stadium that was 
built in 1979 has a shallow double layer roof spanning 180 m. It was constructed in MERO 
system and when the temporary supports were removed the deflections were measured. 
The actual deflections were found to exceed the theoretical predictions by about 70% [2]. 
Boris Androic studied the matter analytically and experimentally. He suggested that the 
main reason for the disagreement was due to the greater softness of joints. He also 
proposed an equivalent modulus of elasticity for the analysis that was 90% of the modulus 
of elasticity that was employed in analysis of the roof structure. However, although the 
analysis results with the assumption of this equivalent modulus of elasticity are closer to 
the measured deflections but they still cannot predict the actual response of the structure. 
El-Sheikh [6] studied the behaviour of three double layer grids with a MERO-type jointing 
system, both experimentally and analytically. The overall behaviour and failure modes of 
these experimental grids have considerable differences with those that conventional 
analysis suggests. He suggested that the discrepancies between analytical and experimental 
behaviours of the grids are due to the flexural stiffness (semi-rigidity) of the connectors. 
Also, he developed a nonlinear beam-column element with end springs to model the actual 
behaviour of the grid components. Incorporation of these elements in the numerical 
analysis has led to better prediction of actual behaviour and strength of the experimental 
grids when compared with the conventional analysis. However, there were considerable 
differences between the experimental results and the semi-rigid analyses for the limit 
points of the load-deflection curves. 
Fathelbab [7] investigated experimentally and analytically the behaviour of a single layer 
grid dome with a MERO jointing system. He obtained the moment-rotation characteristics 
of the connector experimentally with different degrees of tightness. The moment-rotation 
relationships of the connector were obtained three times with three different levels of 
tightness of loose, just tight and completely tight. The experimental results showed that, 
the degree of tightness of the bolts has a significant effect on the behaviour of the 
connector. 
Chenaghlou [3] studied the effects of the degree of tightness of the bolts on the behaviour 
of MERO connectors experimentally. Four tubular elements were used as cantilever beams 
that were connected to the supports using MERO connectors. These models were identical 
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in every respect except for the degree of tightness of the bolts that were tightened at four 
different levels, namely, very tight, tight, loose and very loose. The natural frequency of 
each model was measured as the response of that model using hammer test. The time- 
signal responses of the tested models showed that, the degree of tightness of the bolts has a 
significant effect on the behaviour of the model. 
Saka and Heki [18] studied the effect of joints on the strength of double layer grids. They 
estimated the elastic buckling loads of space structures using the slope-deflection equations 
for members under axial forces, including both the effects of the rigidities and finite 
dimensions of the joints. They found good agreement between the theoretical and 
experiments results for octahedral units and a type of double layer grids. They stated that in 
many cases the buckling load of the elastically connected space truss becomes greater than 
that of the corresponding pin jointed truss by their effects of the joints. But if the rotational 
rigidities of the joints with finite dimensions are too small, the buckling loads become 
smaller than the pin jointed case. 
Schmidt et al [20] reviewed the results of tests to destruction of twelve double layer grids. 
They reported that the characteristics of the jointing system play a major role in the 
response of the structure. 
1.6 Organisation of the Thesis 
This Thesis has five chapters and one appendix. It presents an experimental investigation 
about the effects of bolt tightness in double layer grids. The main parts of the present work 
are as follows: 
" Test set-up 
" Test procedure and data acquisition 
" Data processing and discussion of the test results 
The test set-up including the construction of the double layer grids and the arrangements of 
the supports as well as the loading system is the subject of Chapter 2. Also, the equipment 
used for the measurements of the applied loads and displacements of the nodes during the 
tests is described at the end of Chapter 2. 
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The test procedure, data acquisition process and data processing are described in Chapter 3. 
Also, the load deflection responses of the grids are presented in Chapter 3. 
Chapter 4 covers the data processing and discussion about the results. The load deflection 
responses of the test grids with different degrees of bolt tightness are presented and 
discussed in this chapter. These responses are also compared with numerical results 
obtained through linear elastic analysis of the grids. 
Chapter 5 is concerned with the conclusions of the research and recommendations for 
future research. 
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CHAPTER 2 
TEST SET-UP 
2.1 Introduction 
Study of the effects of bolt tightness on the behaviour of MERO-type double layer grids 
may conveniently be considered under two headings: 
" The performance of the connector influenced by the effects of the degree of 
tightness of the bolts. 
" The performance of the structure influenced by the effects of the degree of 
tightness of the bolts. 
In the first case, the connector itself is under study and by using experimental testing of an 
isolated connector its behaviour with respect to different degrees of tightness of the bolts 
can be studied. Subsequently, the behaviour of the structure with the consideration of the 
connector effects can be determined. 
In the second case, the behaviour of the structure that includes the effects of the bolts with 
different degrees of tightness is investigated. This approach is used in the present work. 
Since small scale models cannot provide useful information regarding the effects of bolt 
tightness on the structural behaviour, the tests were carried out on actual double layer 
grids. These tests were carried out on two grid configurations and three different support 
conditions. 
This chapter describes the process of setting-up the tests including the construction of the 
double layer grids and arrangements of supports and loading system. Also, the data 
acquisition system is described at the end of this chapter. 
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2.1 The experimental double layer grid 
The objective of the present work is to investigate experimentally the effects of the degree 
of tightness of the bolts in a double layer grid that is constructed using the MERO-type 
system. The experimental work is carried out on a 10 m by 10 m double layer grid. The 
double layer grid is constructed in the University of Mazandaran in Iran. A general view of 
the constructed double layer grid is shown in Fig 2. I . 
Fig 2.1. A general view of double layer grid 
2.3 Grid geometry 
In general, the influence of connectors on the behaviour of a structure can be investigated 
by experimental and analytical approaches involving: 
0 The connector itself or 
0 The whole of the structure. 
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In the first approach the connector itself is under study and by using experiments on an 
isolated connector its behaviour under load can be investigated. Subsequently, the 
behaviour of the structure with the consideration of the connector effects can be 
determined analytically [19 and 23]. In the second approach the behaviour of the structure 
that includes the connector effects is investigated. It is this approach that has been adopted 
in the present work where the behaviour of the experimental grid was investigated for 
different levels of tightness of the bolts of the connectors. 
The experimental studies were carried out involving two grid configurations. The overall 
dimensions of the grids are the same and the grid model B is constructed by removing four 
joints and thirty two elements from grid of model A. Some of the factors that have 
influenced the choice of the grid geometries are as follows: 
" The binate-on-binate offset pattern has been chosen due to the fact that this type of 
pattern is simple as well as being frequently used in practice. 
" The geometry of the grid has been chosen such that the elements and the connectors 
are identical. 
" The overall size of the grid had to be limited to 10 m due to the limitation on the 
available space. 
" The geometry of the grid was chosen to be symmetric. Also, the grid was tested 
under symmetric loading and symmetric support conditions. Therefore, one was 
able to check the symmetry of results, providing an indication of the accuracy of 
the test results. 
" The anticipated structural displacements had to lie within the capacity of the 
available loading and measuring equipment. 
2.3.1 Model A 
The dimensions of the grid model A are shown in Fig 2.2. In this figure the top layer 
elements are shown by thick lines and the bottom layer elements as well as the web 
elements are shown by thin lines. The centre-to-centre distance between the top and bottom 
layers is 1000 nun. Thus, the angles of the web members with the horizontal plane are 45° 
and all the members had the same length. The grid consists of 84 top layer elements, 196 
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web elements and 112 bottom layer elements. These elements are connected together using 
113 connectors. 
9898 mm (7 divisions@ 1414 mm) 
ON 
I 
8484 mm (6 divisions@ 1414 mm) 
0 
0 
Fig 2.2. Plan and elevation of the grid model A 
2.3.2 Model B 
Plan 
Elevation 
The grid model B is shown in Fig 2.3. The overall dimensions of model B are the same as 
those of model A. The new configuration is created by removing four nodes in the bottom 
layer which results in the removal of 16 web elements and 16 bottom layer elements. 
Model B consists of 360 elements (84 in the top layer, 180 in the web and 96 in the bottom 
layer). The elements are connected together by means of 109 connectors. 
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Fig 2.3. Plan of the grid model B 
2.4 Manufacture of the components 
The investigation of the behaviour of the connectors is much more complicated than that of 
the structural elements. The complexity in the connector behaviour is mainly due to: 
9 Geometric complexity, 
" Presence of parts with different material properties, 
" Presence of contact surfaces and discontinuities and 
" Coupling effects between forces and moments. 
A MERO-type jointing system consists of a number of pieces including bolts. These pieces 
are from different materials involving high tensile steel (that is, bolt) and different grades 
of mild steel. In this system, discontinuities will be inevitable between the connecting parts 
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due to the presence of bolts. The mechanism of load transfer at these discontinuities is 
complex and the presence of gaps and prestressing will give rise to more complexity. The 
degrees of tightness of bolts affect the width of gaps and prestressing, playing an important 
role in the behaviour of the connector and the experimental studies show that the behaviour 
of connectors affects the response of a double layer grid. The main objective of this 
research is to investigate the effects of the degrees of tightness of connector bolts on the 
behaviour of prefabricated double layer grids. 
The influence of bolt tightness on the behaviour of the whole of a prefabricated grid can be 
studied by experimental approaches involving: 
9 Models that are accurately constructed in a laboratory or 
" Models whose components are manufactured in a factory and then assembled on 
site. 
The first approach involves the testing of accurately manufactured models in laboratory. In 
this case, usually due to limitations of the laboratory equipment as well as space, the model 
dimensions are smaller than those in the actual structures but the imperfections are 
minimised. Results obtained from such experiments usually provide sufficient information 
either to evaluate a proposed mathematical model or to assess the suitability of different 
techniques of analysis. However, laboratory conditions will not accurately reflect the 
actual behaviour of the connector in real-life situations. 
In the second approach the components of the structure are manufactured in a factory and 
the assembled structure will be tested in a suitable place. Since this research is mainly 
based on experimental studies of practical prefabricated double layer grids, the second 
approach is more appropriate and this approach has been adopted in the present work. 
The components of the experimental grid are constructed in a MERO-type system. This 
system was manufactured by the Sepah Industrial Factory in Tehran, Iran. Due to the 
simplicity of the pattern and the fact that all the grid elements and the nodes were identical, 
all the components were produced in factory with a reasonable standard of quality control. 
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Fig 2.4. The details of jointing system 
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The dimensions of the components that are used in the experimental grid are shown in Fig 
2.4. The diameter of the ball is 90 mm and the diameter of the holes on the ball is 20 mm. 
Most connectors in the structure required eight member locating holes. However, the same 
balls were used where fewer members were required. The dowel pin is a cylindrical piece 
of 5 mm diameter and 35 mm length. The tubular elements for the experimental grid were 
prepared from steel tubes of nominal external diameter 76.4 mm and wall thickness 3.5 
mm. The tubular elements were prepared by first cutting 1200 mm lengths of tube and then 
welding conical pieces to the ends of the tubes. The dimensions of a tubular element are 
shown in Fig 2.5. 
68 mm 1200 mm 68 mm 
Fig 2.5. Tubular element 
2.4.1 Material properties 
The tubular elements are from steel grade ST 52-3 in accordance with DIN 17120. Three 
tubes were tested in tension to failure and the test results were as follows: 
Ultimate tensile strength 509-538 Mpa 
Yield stress 
Elongation 
460-485 Mpa 
22%-24% 
The bolts are from 8.8 tempered steel in accordance with DIN 17200 of quality 8.8. The 
first number 8 shows one eighth of the minimum ultimate tensile strength in kgf/mm2 and 
the second number 8 shows the percentage of one eighth of the ratio of the tensile yield 
strength and minimum ultimate tensile strength. Two bolts were tested in tension to failure 
and the yield strength as well as the ultimate tensile strength of the bolts was obtained as 
529 and 689 Mpa respectively. 
Conical end pieces are hot-stamped, forged and sand blasted made from ST 52-3. 
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Sleeves are made from hexagonal tubes. The steel quality is 95 Mn 28K in accordance with 
DIN 1651. The yield stress of this material is 380 Mpa and its ultimate strength is around 
470 Mpa. 
The dowel pins are made from tool steel hardened and tempered to the strength of 1400 
Mpa. 
The balls are forged steel spheres. The material is steel grade ST 52 in accordance with 
DIN 17120. The steel is annealed and sand blasted [1]. 
2.5 Assembly of the grid 
The components of the grid were transported to the experimental site near the Engineering 
Faculty of the University of Mazandaran, Iran. All of the components were unloaded 
carefully and under continuous supervision. It was decided to assemble the grid on a flat 
concrete surface. Attention was paid to ensure that the entire surface was level. The 
assembly started from one side and carried on until the entire grid was completed. A 
general view of the assembled grid is shown in Fig 2.6. 
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Fig 2.6. A view of the grid 
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2.5.1 Weight measurement 
For the analytical study of the grid, the cross-sectional properties of the elements had to be 
obtained. In order to obtain information about the material characteristics, the weights of 
the elements were measured individually. An element (Fig 2.5) consists of a tubular 
element, two conical end pieces, two bolts, two sleeves and two dowel pins. The spread of 
the weights of the elements that were used in the experimental structure are shown in Fig 
2.7. 
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Fig 2.7. Distribution of the weights of tubular elements 
It was expected that elements would be of different weights. This is due to the inevitable 
variations of the weights of different constituent parts such as conical end pieces, sleeves, 
bolts, dowel pins and tubes. The weights of 50% of the elements were between 8.9 to 9.1 
Kg and more than 81 % of the elements weighted between 8.7 to 9.1 Kg. 
2.5.2 Assembly process 
The assembly process was started by a small portion of the grid at one of the corners. This 
portion was a pyramid consisting of four bottom layer elements and four web elements that 
were connected together by means of five connectors. This portion is shown in Fig 2.8a 
with thick lines. The second step in the assembly of the first row was connecting three 
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bottom layer elements, four web elements and one top layer element. This step is shown in 
Fig 2.8a with thin lines. The assembly process was continued in this same manner until the 
completion of the first row, as shown in Fig 2.8a with dashed lines. 
1% f\ 1 iý ff 1i ff Ii ff Ii 
ff 
(a) The first assembled row 
(b) Two assembled rows 
Fig 2.8. The assembling process 
Further continuation of the assembly is shown in Fig 2.8b, where the assembly of the first 
row is complete and the assembly of the second row has started (it is shown by thin lines). 
The assembly of the second row was continued in six steps, as shown in Fig 2.8b by 
dashed lines. In each step two bottom layer elements, four web elements and two top layer 
elements were connected to the assembled part of the structure by means of two 
connectors. The rest of the structure was assembled using the same procedure. 
In the case of prefabricated structures the accumulation of the imperfections of the 
components usually shows itself in the assembly process. These imperfections that are 
usually inevitable will change the theoretical configuration of the structure to certain 
degree. In the initial steps of the assembly process the discrepancy is negligible and the 
components can be located in their positions properly. In the following steps specially in 
the case of large structures, the discrepancies increase gradually and significant distortions 
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will appear. The main problem is when there are some constraints for the nodes or 
elements of the structure such as supports. In the case of the experimental grid, due to the 
nature of the chosen method and the freedom of movement at the supports, all of the nodes 
and elements were fitted together easily. Actually, in this case the accumulation of the 
imperfections only affected the overall dimensions of the grid. The overall dimensions of 
the grid, when the assembly was completed, were measured to be 9908±2 mm by 9908±2 
mm (the theoretical values were 9898 mm by 9898 mm). 
In the assembly process, the connectors were tightened with an open-ended spanner or 
monkey wrench. At this stage the main concern was the assembly of all the elements and 
the bolts of the connectors were not fully tightened. Subsequently, all the bolts were 
tightened after the completion of the whole assembly of the grid. The retightening process 
was started from one corner and continued in the order of the assembly of the components. 
2.6 Foundation 
The foundation for the test set-up of the experimental grid was constructed at a site at the 
University of Mazandaran, Iran. A general view of this foundation is shown in Fig 2.9. The 
foundation consists of four pad footings that are connected by a rectangular grid of strip 
footings, Fig 2.10. Twelve reinforced concrete columns were built on the foundation as 
possible support positions for the grid. A plate was placed on the top of each column by 
means of four anchor bolts. Furthermore, thirteen plates were placed on the foundation as 
possible support positions for the loading frame and measurement equipment. The strip 
and pad footings as well as columns are identical. 
Fig 2.10 shows the plan of the foundation and the cross-sections of pad and strip footings. 
The building of the foundation involved the construction of formwork, preparation of steel 
reinforcements and the preparation and casting of concrete. 
2.6.1 Formwork of foundation 
The experimental site was a flat concrete surface. The formwork for the foundation was a 
wall of 600 mm height that was built using concrete blocks (Fig 2.10). The internal surface 
of the formwork wall was covered with sand cement plaster (Fig 2.10). This formwork was 
not removed when the foundation was completed. 
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In order to provide a clean and level surface for the steel reinforcement bars a layer of lean 
concrete was laid on the bottom surface (Fig 2.10). The thickness of the lean concrete layer 
was about 100 mm. 
Fig 2.9. A general view of foundation 
2.6.2 Steel reinforcements 
The strip and pad footings are reinforced in both directions at both the upper and lower 
sides, Fig 2.10. The concrete cover to the outermost reinforcement bars are 50 mm. The 
steel reinforcement of the foundation comprised 20 mm diameter (type III) mild steel 
ribbed bars. The bars were delivered in lengths of about 12 m. They were cut and bent and 
then were fixed with mild steel tie wires. 
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Fig 2.10. Plan and details of foundation 
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Figure 2.11 shows the layout of a typical column that is constructed as a possible support 
position. The longitudinal reinforcements of columns were 20 mm diameter (type III) mild 
steel ribbed bars. Each stirrup was made of a sufficient length of 10 mm diameter ribbed 
bar. The reinforcements of the columns were carefully formed to the dimensions indicated 
in Fig 2.11. The vertical reinforcing bars and stirrups were tied together with tie wires to 
form the column cage. The column cages were accurately placed and secured against 
displacement by using tie wires. 
The base plates that are placed on the strip footings have eight anchor bolts while the base 
plates that are located on the columns have four anchor bolts. All the anchor bolts are made 
from 20 mm diameter ribbed bars. 
A 4020 Anchor bolts 
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2.6.3 Concreting of foundation 
The concrete for the foundation was manufactured at the experimental site. The aggregate 
including sand, gravel and crushed gravel were derived from natural deposits that were 
available. Ordinary Portland type I cement was used in the concrete. The mix was designed 
to achieve 28 days cylinder compressive strength (f c) of 20 MPa. The concrete mix had 
350 kg/m3 cement content and 42% water/cement ratio. The following steps were carried 
out under continuous supervision: 
" The accurate weights of cement, gravel and sand as well as the amount of water 
were used for each batch according to the mix design. 
" The mixing time was 60 seconds or more after all the material was in the mixer. 
" The concrete was sampled from mixer discharge point that was near to the 
placement point on a random basis. 
A slump test was taken from most of the batches. The measured slumps were 
between 40 mm to 60 mm. 
At the time of concrete placement, all the steel reinforcements were free from flaky 
rust, mud, grease or any other coating that might have reduce the bond with the 
concrete. 
" Every endeavour was made to avoid steel reinforcement bars from being displaced 
or depressed. 
" During concreting, adequate compaction was achieved using a vibrator to ensure 
good quality concrete. 
" The surface of freshly placed concrete, specially between anchor bolts, was 
levelled. 
" The base plates with slotted holes were bolted to the pre-installed anchor bolts on 
the strip footings. 
" The entire surface of the concrete was kept damp for a number of days. 
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Minimum compressive strength obtained from cub tests after 7 days and 28 days moist- 
cured concrete were 18 MPa and 28 MPa, respectively. The cubes dimensions were 
15Ox15Ox150 mm. 
2.6.4 Formwork for columns 
Since all of the columns were identical, it was decided to build them in three stages. In 
each stage four columns were constructed. The timber formworks were prepared on site for 
the construction of columns. Timber is generally used in Iran for in-situ concrete work. 
The formwork parts were substantial and sufficiently tight to prevent leakage of mortar. 
The corners of the columns were bevelled by moulding placed in the formworks. The 
formworks finished surface was coated with oil before the assembling process. 
The column reinforcements as mentioned before were put in place together with the 
footing reinforcements. Each one of the constructed column formworks was placed in the 
correct position and supported by four screw jacks. The screw jacks helped to adjust the 
alignment and the vertical position of the formwork. The height of the formworks was 
about 2.20 m. In order to level the top surfaces of the columns a wooden guide strip was 
provided at the proper location on each formwork so that the top surface of the columns 
can be levelled. 
2.6.5 Concreting of columns 
The concrete aggregate and cement type for the columns' concrete were the same as those 
for the foundation. The concrete mix had 400 kg/m3 cement content and a 41% 
water/cement ratio. In order to have a better workability for concrete, the slump range was 
changed to 60 mm- 100 mm. Particular attention was paid to ensure that, at the time of 
concrete placement, all the reinforcement and anchor bolts were clean and in correct 
positions. 
The concrete was sampled and a slump test was taken from each batch. Since the slump 
amount in columns' concreting was important, the batching operation was slowed down to 
allow completion of each slump test before the next batch was made, so that the test results 
could be communicated to the operator and the necessary corrections could be made. 
During the concreting process the main concern was that the reinforcement bars were not 
displaced. 
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The concrete was placed in uniform layers not more than 500 mm thick. Each layer of 
concrete was fully compacted before placing the next one, and each new layer was placed 
while the underlying layer was still responsive to vibration. The top surfaces of columns 
were finished so that the base plates could be installed at the same level and in firm contact 
with columns. Finally, exposed parts of all anchor bolts were cleaned using a cloth. 
Since the formworks for columns were not supporting the weight of the concrete, they 
could be removed when the concrete has attained sufficient strength to resist damage from 
the removal operation. Since the formworks were to be reused, they were thoroughly 
cleaned, repaired, and coated with oil again. 
The column surfaces were cured after removal of formworks. In order to obtain good 
curing, wet hessian was used to cover the top and the sides of the columns. The hessian 
was kept wet by frequent watering for four weeks. 
The remaining eight columns were constructed in two further stages. In each stage 
formworking, concreting, striping of formworks, and curing process were carried out as 
explained for the first stage. After levelling of the top surfaces of the columns by concrete, 
the base plates with slotted holes were bolted to the pre-installed anchor bolts. 
All concrete cube samples were placed in a pool and compressive strength test carried out 
after seven and twenty eight days. Minimum compressive strength for seven days moisture 
cured concrete was 20 MPa and for twenty eight days samples was 30 MPa. 
2.7 Placement of the grid 
The process of creating a flat and level surface for the experimental work started with 
filling the voids between the strip footings. These voids were filled with two 25 cm layers, 
using the available sand and gravel at site. Each layer was compacted using a compactor. A 
10 cm thick layer of concrete was poured on the top of the fill. The concrete had 250 kg/m3 
cement content and was produced at site using the available material. The poured concrete 
was levelled using a screed board. 
For the placement of the double layer grid a telescopic crane was used. In spite of the fact 
that the total weight of the double layer grid was about 3800 kg, the large dimensions of 
the grid and the presence of the columns required quite a big crane. A 40 ton truck crane 
with about 30 m boom was used for the purpose. 
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Fig 2.12. The grid about to be placed on the columns 
Fig 2.13. Ensuring the accurate placement of the grid 
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Fig 2.14. The final inspection of the grid after placement 
Fig 2.15. The grid in its correct position on the top of the columns 
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It was decided to hoist the grid from the four top layer nodes. Accordingly. the grid was 
analysed for this loading and boundary condition to ensure that the grid could be safely 
hoisted. Four cables were connected to the four top layer nodes in the central part of the 
grid. Before moving the grid the tightness of the nodes was checked with inspection of the 
dowel pins on the sleeves that show the amount of penetration of the bolts into balls. The 
grid was picked up carefully and placed on the top of columns. The placement of the grid 
on the top of the columns is shown in Figs 2.12 to 2.14. Fig 2.15 shows the grid in the 
correct position after the placement. 
2.8 Roller supports 
The main objective of the present work is to investigate the effects of the degree of bolt 
tightness of connectors on the behaviour of double layer grids. In the experimental process, 
the displacements of the test grid under applied loads are considered as the response of the 
structure. The support conditions have a significant effect on the response of the structure. 
Roller supports in two directions were used for all the supports of the test grids. 
Hardened 
steel plate 
20x20x2 cm 
Ball bearing Rigid PVC plate 
2.5 cm diameter 20x20x2.3 cm 
Fig 2.16. The cross-section of a support assembly 
Twelve support assemblies were designed and constructed as roller supports in two 
directions. A support assembly consists of two hardened steel plates, a rigid PVC plate 
with seven holes and seven ball-bearings. A cross-section of a support assembly is shown 
in Fig 2.16. The lower hardened steel plate was placed on the base plate of the reinforced 
concrete column. The PVC plate had seven cylindrical holes for the ball-bearings as shown 
in Fig 2.17. This plate together with the seven ball-bearings was placed on the lower 
hardened plate. The upper hardened plate was placed on the ball-bearings, Fig 2.18. 
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Therefore, the upper hardened steel plate could move in any horizontal direction easily. 
This arrangement played the role of a roller support in two directions for the grid. 
2.8.1 Hardening of support plates 
The support assemblies transfer the vertical forces from the test grid to the reinforced 
concrete columns. A compressive force in an upper steel plate is transferred to the lower 
steel plate by direct bearing through the ball bearings. Since the contact surface between a 
ball bearing and an upper or lower steel plate is very small, a significant pressure is 
imposed on the plate locally. Furthermore, if the ball bearing penetrates into the plate then 
the impression created on the plate prevents the free rolling of the ball bearing. To 
minimize this effect, it is necessary to ensure that the plates used are of sufficient hardness. 
Based on information received from experts, twenty four 200x200x20 mm IASC 6582 
alloy steel plates were purchased. This alloy steel was made in Isfahan Alloy Steel 
Complex, Iran. Its composition is 0.34% Carbon, 0.3% Silicon, 0.5% Manganese, 1.5% 
Chromium, 0.2% Molybdenum and 1.5% Nickel. This alloy steel is comparable with the 
requirements given in the British Steel Standard Specification for construction steels (BS) 
817 M 40 and the German Steel Standard Specification (DIN) 6582 as well as the 
American ASTM 4340. The hardness of this alloy steel was tested using Rockwell 
hardness testing method. The average hardness number obtained from tests was 12 HRC. 
In order to improve the hardness of the support plates, hardening treatment was carried out 
in accordance with the manufacturers' recommendations. The treatment was carried out at 
the Department of Mechanical Engineering of the University of Mazandaran, Iran. 
The hardening process of the steel plates was accomplished in three major stages: 
1. Heating the steel slowly to ensure a uniform temperature, 
2. Holding the steel at a given temperature for a given time and 
3. Cooling the hot steel to room temperature. 
In the heating stage, it was important to ensure that, as far as possible, the whole body of 
steel had uniform temperature. Otherwise, one part of body could have expanded faster 
than the other part, resulting in distortion or cracking. 
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Fig 2.17. Rigid PVC plate with holes together with seven ball-bearings 
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Fig 2.18. A roller support piece on a column 
ý: 
45 
Uniform heating was attained by a slow rate of temperature change. An oven was used for 
heating of the plates, as shown in Fig 2.19. Two plates at a time were processed, and each 
plate was placed on four steel cubes. The space between the plates helped uniform 
temperatures to be maintained throughout. The temperature to be reached was 850°C, as 
recommended by the manufacturer. 
After the steel plates were heated to 850°C, they were held at this temperature for 60 
minutes. According to the manufacturers' instructions, this time was enough to allow the 
desired internal structural changes in the steel to take place. 
Subsequently, the plates were cooled to complete the hardening process. In order to cool 
the steel plates rapidly, they were placed in a cooling medium. As manufacturers 
recommended, (motor) oil was a suitable medium for IASC 6582 alloy steel. A suitable 
amount of motor oil was poured into a tank. The oil temperature was around 17°C. The 
plates were removed from oven and placed in the oil vertically (Figs 2.20 and 2.21). Once 
the temperature reduced to around 55"C, plates were removed from the tank and left to 
cool down to the room temperature. 
Fig 2.19. The positioning of two plates in the oven 
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Fig 2.20. Removing plates from oven 
Fig 2.21. Quenching the plates in oil 
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2.8.2 Hardness testing 
In order to check the results of the hardening treatment, hardness testing was carried out on 
the plates. There are different methods to measure the hardness of steel plates and one of 
the common ones is the Rockwell C test. In Rockwell hardness testing, a conical diamond 
is first pressed with a force FO, and then with a force Fo+Fi against a specimen of the 
material whose hardness is to be determined. After unloading to Fo, the increase (e) of the 
depth of the impression caused by F, is determined (e in mm). The depth of penetration (e) 
is converted into a hardness number (HRC) which is read directly from a scale on the tester 
dial (Fig 2.22). This number is obtained from the following equation: 
HRC=500x (0.2-e) 
The hardness number HRC is between 0 and 100, when 100 represents the hardness of 
diamond. 
F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Fig 2.22. Principle of Rockwell hardness testing 
An Avery Denison hardness testing machine was used to obtain the hardness number of the 
plates. The machine was of DRWL type and made in the UK. Plates with thicknesses of up 
to 20 cm and width of up to 30 cm can be tested by this machine. A view of the testing 
machine and test process is shown in Fig 2.23. The average hardness (HRC) obtained for 
the plates was around 42. 
A further test was carried out to ensure the proper operation of a support assembly under 
lateral forces. An assembly similar to the actual support assemblies was used, as shown in 
Fig 2.24. This assembly consists of two hardened plates, a circular rigid PVC plate with 
four holes and four ball bearings. The assembly was placed under a load of 300 kN using a 
hydraulic jack. After unloading the plates were examined and there were no noticeable 
impressions created by ball bearings on the plates. 
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Fig 2.23. The hardening test machine and the test process 
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Fig 2.24. Testing the sufficiency of the hardness of the hardened plates of the support 
assemblies 
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2.8.3 Installation of support assemblies 
The roller supports could not provide resistance to lateral forces. As soon as a lateral load 
of any kind pushed on the upper hardened steel plate, it rolled away in response to the 
force. In order to maintain stability of the entire grid under accidental lateral loads, the 
horizontal movements of the grid was controlled using some additional pieces. 
Two pieces of steel angles were welded to the base plate on the top of support column at 
the external sides of the grid. The support joint of the grid was picked up using a jack. The 
lower hardened plate was placed on the base plate of the column. The PVC plate together 
with the seven ball-bearings was placed on the lower hardened plate (Fig 2.17). The upper 
hardened plate was placed carefully on the ball-bearings. This plate together with the PVC 
plate and ball-bearings constituted the mobile part of a support assembly. The steel angles 
prevented the mobile part of a support assembly from horizontal movement towards the 
outside of the grid. Finally, the support joint was placed on the upper plate. The same 
process was repeated for the other three supports. Fig 2.25 shows a view of a support 
assembly together with a support joint on a support column. The four corner supports were 
constrained by welded angles in order to prevent the lateral movement of the grids during 
the tests. 
Fig 2.25. A support assembly and connector on a corner column 
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2.9 Loading frame 
Consider the loading frame shown in Fig 2.26. The loading frame allowed loads from a 
hydraulic jack to be applied to the grid. The hydraulic jack was used to apply up to a 300 
kN load to the central node of the top layer of the grid. The loading frame was made of 
mild steel beam profiles and angles as well as plates. The beam profiles were delivered in 
lengths of twelve metres. They were cut in appropriate lengths and welded and coated on- 
site. The loading frame constituted of three main parts: 
1. The lower cross-footing that supported the two vertical elements of the loading 
frame. 
?. Two vertical elements of the loading frame. 
3. The top part of the loading frame that supported the hydraulic jack. 
The loading frame was designed to transfer the reaction of the jack to the concrete base 
through the cross-footing. All the components of the loading frame were designed for the 
highest possible loads. 
Fig 2.26. A view of loading frame 
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2.9.1 Cross-footing 
Two 3.10 m long castellated beams (CPE 18) were welded to the three central base plates 
on a strip footing. Also four 1.45 m long castellated beams (CPE 18) were welded to the 
three central base plates on the other strip footing (central base plate was involved in both 
cases). As shown in Figs 2.26 and 2.27, these six beams made a cross that was fixed on 
five base plates and transferred loads to the concrete base through the welds and forty 
anchor bolts. 
Four 60x'-)Ox 1 cm plates were welded to the cross. Two beams (three IPE 16 profiles with 
appropriate lengths that were already welded together) were welded to the plates so that 
suitable supports were created for the vertical elements (Fig 2.27). The applied loads were 
transferred from the vertical elements to the cross through these supports. 
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Fig 2.27. Plan of the cross frame 
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2.9.2 Vertical elements 
The vertical elements transfer the reaction to the jack's load to the cross-footing. Each of 
the vertical elements was made from two IPE 16 profiles that were connected together by 
means of welding. The length of the vertical elements was 4 m. As shown in Fig 2.28 the 
suitable supports for the top part of loading frame were designed and constructed. 
Some protecting coating was burned during the welding process, therefore it was repaired 
after the completion of the construction of the cross-footing and vertical elements. 
2.9.3 The top part of loading frame 
A side view of the top part of the loading frame is shown in Fig 2.28. This part transferred 
the reaction of the jack to the vertical elements. The top part is constituted three pair of 
beams and a thick circular plate. The lower pair of beams was placed on the angle brackets 
as shown in Fig 2.29. The thick circular plate with four slots was connected to the lower 
pair of beams using four bolts and nuts. The thick circular plate could move together with 
lower beams in longitudinal direction of them. This plate also could slide in other direction 
due to presence of slots. Two other pairs of beams were placed on the lower beams as 
shown in Fig 2.28. 
2.10 Loading system 
An Enerpac model RCS-1002 with 100 ton capacity hydraulic jack with 5.7 cm stroke was 
used to apply up to 300 kN load on the central node of the top layer of the test grid. A 
circular base plate together with four bolts was used to fix the hydraulic jack to the upper 
thick circular plate (Fig 2.29). An Enerpac model P-80 steel hand pump was used to 
provide the hydraulic pressure. A gauge adaptor was connected to the pump for pressure 
gauge installation. The gauge was used to monitor the pressure of the hydraulic circuit 
indicating the approximate amount of the applied load. A hose that was connected to the 
gauge adaptor transmitted hydraulic fluid to the cylinder (Fig2.30). The hose was 
connected to the cylinder by means a male coupler (Fig 2.29). 
In order to install the load-cell to the hydraulic jack, an appropriate coupler was designed 
and constructed. A sketch showing a side view of the arrangement of Fig 2.29 is shown in 
Fig 2.31. 
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Fig 2.28. A side view of the top part of loading frame 
Fig 2.29. Connection of the jack to the top part 
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Fig 2.30. Pump together with gauge adaptor and gauge 
Thick circ 
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Fig 2.31. A sketch of the loading system 
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2.11 Measurement support frame 
The applied load to the test grid was transferred to the foundation through the loading 
frame. Therefore, during the experimental process, the foundation had some small 
deformations due to the applied load. In order to measure the displacements of the test grid 
accurately, the measurements had to be independent of the foundation. To achieve this, two 
13 m long beams were constructed from IPE 14 profiles. The beams were placed on two 
steel bases outside the foundation as shown in Fig 2.33. 
2.12 Data acquisition system 
In order to measure the displacements and loads a data-logger was used to collect process 
and record the results. The data-logger was controlled using a Pentium II 1.33 MHz 
computer. The arrangement of the instrumentation is shown schematically in Fig 2.32. As 
indicated in this figure, the displacement transducers and load-cell were connected to the 
data logger. The information received by the data-logger was pre-processed and then was 
sent to the computer for processing. After the processing of the data by the computer, the 
results were used for post-processing. 
Load Cell Transducers 
L Data Logger 
Computer 
User 
Fig 2.32. Schematic representation of the data acquisition system 
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Fig 2.33. Two views of the measurement frame 
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2.12.1 Displacement transducers 
Two types of displacement transducers were used to measure the response of the test grid. 
All of the transducers were manufactured by Tokyo Sokki Kenkyujo Co. The general 
specifications of these two types of transducers are given in Table 2.1. 
Table 2.1. Specifications of displacement transducers 
Type Stroke Spring Force Allowable Temperature Range 
CDP-25 25 mm 3.4 N -l0 to +60°C 
CDP-25 50 mm ,4N 
3 -10 to +F(l"C 
The transducers were connected to the measurement system incorporated in the data logger 
using the four wire system shown in Fig 3.34. As shown in the wiring diagram of the full 
bridge, the input pair of wires (red and black) was used for excitation and another pair of 
wires (green and white) was used for output voltage acquisition. 
Green 
(Terminal B) 
White 
(Terminal D) 
Red Black R=Resistance 
(Terminal A) (Terminal C) 
Fig 2.34. Displacement transducer circuit 
I, 
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Twelve MB-B magnet stands made by Tokyo Sokki Kenkyujo Co., were used to hold 
twelve displacement transducers during the test procedure. A transducer was mounted on a 
magnet stand through a fitting holder. The transducers were adjusted and set vertically. 
The plungers of the transducers were positioned on bolts connected to the nodes of the test 
grid. The magnet stands were fixed to the measurement frame. A view of a displacement 
transducer together with a magnet stand is shown in Fig 2.35. Before testing commenced. 
each displacement transducer was calibrated separately. The transducers were calibrated 
over their full working ranges using the data-logger and a set of measuring blocks. 
Fig 2.35. A magnet stand and a transducer 
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2.12.2 Load cell 
A load cell was used to convert the value of the load applied by the hydraulic jack into an 
electrical signal. The load cell was connected to the hydraulic jack and transferred the 
applied load to the central node of top layer of the test grid. The load cell also was 
connected to the data logger using six wires. The load cell was manufactured by Tokyo 
Sokki Kenkyujo Co. The specifications of the load cell are given in Table 2.2. The load 
cell was calibrated before the test began using the data-logger and the universal test 
machine. A view of the load-cell together with the hydraulic jack is shown in Fig 2.36. 
Table 2.2. Specifications of load cell 
Type Capacity Allowable Temperature Range Resistance 
CLP-500KNB 500 kN -10 to +60°C 350 ohm+1% 
Fig 2.36. Load cell between jack and node 
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2.12.3 Data logger 
A CRIOX data logger was used in conjunction with a computer to collect process and 
record all the data monitored during the test process. The CRIOX is a programmable data 
logger made by Campbell Scientific, Inc. A summary specification of the data logger is 
given in Table 2.3. 
Table 2.3. Specifications of the data logger 
Differential Analog Channels 6 
Maximum Input Voltage f 2500 mV 
Scan Rate 64 Hz 
Data Storage Memory (Data Point) 62,000 
Accuracy at 0°` to +40' ±2.5 mV 
The data logger was programmed for collection, storage and analog to digital conversion of 
data measurements. The program consisted of a group of instructions entered into a 
program table. The program was given an execution interval equal to one second which 
determined how frequently the program is executed. When the program was executed, the 
instructions were executed in sequence from beginning to the end. 
The input instructions specified the conversion of the sensor signals received from the load 
cell and transducers to the data values and stored them in the input storage of the data 
logger. The programmable entries also specified the measurement type, the number of 
channels to measure, the input voltage range and the input storage locations. Furthermore, 
in order to convert the sensor output to engineering units, the sensor constants were 
determined and entered into the program. 
According to the information received from the manufacturers, the load cell and 
transducers exhibit linear characteristics over their total range. Therefore, a linear equation 
was considered as: 
F=AxVoc+B 
Where 
"F is the engineering units (kN for load and mm for displacement), 
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"A and B are the sensor constants and 
" V,,, is the output voltage of load cell or a transducer. 
Each displacement transducer as well as the data logger was considered separately. They 
were switched in turn through an amplifier. Transducers were calibrated using a set of 
accurate measuring blocks. Fig 2.37. The accuracy of the measuring blocks was 0.005 mm. 
The load cell was calibrated using a Universal Testing Machine manufactured by Denison 
Mayes Group of the UK (DMG). Its standard capacity ranges from 0-600 kN and it is fully 
computerised with modern windows software. A view of this Universal Testing machine is 
shown in Fig 2.38. The amount of applied load on the load cell was displayed on the 
monitor of the Universal Testing Machine. Also, the voltage of the load cell was displayed 
on the monitor of the data-logger at the same time, Fig 2.39. Several voltage readings were 
taken at each displacement as well as load increment and constants A and B were 
calculated using the method of least squares to obtain the best straight line through the data 
points. The calibration factors obtained from different tests are shown in Table 2.4. This 
calibration process that was programmed into the data logger was performed periodically 
to confirm the reliability of the test results. A view of the data logger is shown in Fig 2.40. 
Table 2.4. Calibration constants for transducers and load cell 
Sensor Type A B Engineering Unit 
Load cell 120.693 -0.012 kN 
LVDT (CDP-25) 2.6814 -12.756 mm 
LVDT (CDP-50) 6.6863 -25.219 mm 
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Fig 2.37. Set of measuring blocks 
Fig 2.38. A view of Universal Testing Machine 
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Fig 39 Calibration 
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Fig 2.40. Two views of the data logger 
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CHAPTER 3 
THE TESTS 
3.1 Introduction 
A double layer grid constructed by a MERO-type system consisting of a number of 
components that are connected together by means of bolts. In this system due to the 
presence of the bolts, discontinuities between the connecting parts will be inevitable. The 
mechanism of load transfer at these discontinuities is complex and the presence of gaps 
and prestressing will give rise to more complexity. The degrees of tightness of the bolts 
affect the width of gaps as well as the amounts of prestressing. Therefore, the bolt tightness 
plays an important role in the behaviour of the connector and the structure. 
This chapter describes the test procedure, data acquisition process and data processing. 
Also, the load deflection responses of the grids are presented in this chapter. 
3.2 Test grid A 
The plan of test grid A is shown in Fig 3.1. In this figure, top layer elements are shown by 
thick lines and bottom layer elements as well as web elements are shown by thin lines. The 
test grid was placed on four two directional roller supports that are shown in this figure by 
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four little squares at the four comers. The load was applied to the central node of the top 
layer using a hydraulic jack that is shown by a little circle in the figure. The amount of 
applied load was measured using a load cell that was placed between the hydraulic jack 
and the central node of the grid. 
12 
11 
3 1 
4 9 K 
1 \ 1 \ 1 
\8 / \ ^ / 
6 7 
Fig 3.1. Plan of test grid A 
The displacements of the bottom layer nodes 1 to 12 (that are shown by little solid circles 
in Fig 3.1) were measured as response of the test grid using twelve displacement 
transducers. Four CDP-25 transducers were used for displacement measurement of the 
nodes 1,6,7 and 12. Also eight CDP-50 transducers were employed to measure the 
displacements of the remaining nodes. The geometry of the test grid, its support conditions 
as well as the applied loads were symmetric. Also the components of the grid were 
identical. Therefore, the symmetric nodes should have the same displacement. This 
allowed the experimental results to be checked for symmetry providing an indication of the 
accuracy of the test results. 
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In order to investigate the effects of the degree of tightness of the bolts of the connectors 
on the response of grid A, this grid was tested two times with two different levels of 
tightness of the bolts. For each test all the bolts were loosened and then tightened using an 
adjustable torque wrench. For each test the adjustable torque wrench was set for a specific 
amount of torque and used for tightening all the bolts. So, the degree of tightness of all the 
bolts was the same for each test. The amounts of the torques that were used for tightening 
the bolts in two different tests were 60 and 120 Nm. 
In addition, the response of grid A with normal tightness was obtained through a further 
test. The term "normal tightness" is used to represent the degree of tightness that is 
normally achieved in double layer grids in practice. Since ordinary spanners are used in 
practice, the degree of tightness depends on the length of the spanner that is used for 
tightening as well as the amount of the applied force by the worker. In practice, usually the 
same spanners or monkey wrenches are used and the workers are trained to apply an 
appropriate amount of force. 
3.2.1 Setting up of grid A with normal tightness 
Since the test had to be carried out outdoors and since each round of the setting up and 
testing of the grid required around four hours, the test had to be started in early morning. 
The setting up of grid A was carried out as follows: 
1. The components of the grid were assembled on a flat concrete surface. All the bolts 
of the connectors were tightened and then the grid was placed on the supports. The 
tightness of all the connector bolts was controlled again with the grid on the 
supports. Tightening process was carried out using an open ended spanner and a 
monkey wrench of length around 30 cm in three stages. In the first stage the bottom 
layer connectors were tightened. The tightening process started from one side and 
carried on until all the connectors of this layer were tightened. In the next stage the 
top layer and finally web layer connectors were tightened in a manner similar to 
that of the bottom layer. 
2. As shown in Fig 3.2, a cylindrical steel piece was designed, manufactured and 
connected to the central node of the top layer of the grid. The top surface of this 
steel piece had a concave surface so that the entire convex surface of the free end of 
the load cell would be in touch with the cylindrical steel piece. 
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3. The hydraulic jack and load cell were mounted on the loading frame. Since the 
thick circular plate could move in two perpendicular directions. particular attention 
was paid to fix the hydraulic jack in the correct position so that the load applied at 
the centre of the node (Fig 3.2). 
4. Twelve magnet stands were positioned on the measurement support frame. 
5. The displacement transducers were numbered as shown in Fig 3.1 and mounted on 
the magnet stands. Also, they were adjusted and set vertically. The arrangement of 
the displacement transducers are shown in Fig 3.3. 
6. Both ends of the cables of the displacement transducers were numbered. These 
cables connected the transducers to the data logger. A further cable connected the 
load cell to the data logger. 
7. The computer and data logger were switched on and the given program was carried 
out. 
8. The whole of the grid A, supports, hydraulic jack, transducers and wiring were 
inspected carefully. 
Fig 3.2. Load application 
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Fig 3.3. Two views of the transducer arrangement 
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3 .? 2 Testing of grid A with normal tightness 
Testing of grid A with normal tightness was carried out by running the test computer 
program. In order to condition the test grid and check the operation of the test equipment. 
around 50 kN load \N as applied on the central node of the top layer of the grid and after a 
few seconds unloading as carried out. This process repeated a number of times and 
during this process the displacements of transducers were checked to ensure that the grid 
as detorming symmetrically. 
"B+ 
"r 
Adjustable holt for 
holding transducer's plunger 
f=itting holder 
Magnet stand 
I'lulluer 
Displacement transducer 
Fig 3.4. A sketch of adjusting displacement transducer 
The test process was continued as follows: 
1. Each transducer was adjusted using an adjustable bolt that was connected to the 
node of the grid for holding the transducer"s plunger. Also the fitting holder was 
adjusted so that the plunger was at its maximum stroke (Fig 3.4). Particular 
attention was paid that the transducers were set vertically. 
?. The displacements of the nodes under zero load were read and the transducers were 
checked so that their strokes were close to their maximum range. 
3. In order to carry out the main stage of the test, the computer program was run 
again. 
4. Since the linear behaviour of the grid was under investigation, using a hydraulic 
jack a small load around 2 kN was applied on the central node of the top layer of 
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the grid. The state of the grid under this load was considered as the starting 
reference point. 
5. The load on the grid was incremented by around 50 kN. 
6. Sixteen channels of the data logger were used for receiving input signals. One of 
these channels was used for the load cell, twelve channels were used for 
displacement transducers and three remaining were not connected to any sensors. 
The execution interval for collection, processing and storage of a data measurement 
was set equal to one second. So, the required time for acquisition of two 
consecutive pieces of data for the same channel was equal to sixteen seconds. The 
whole system was left to collect around three different measurements from each 
channel and to reach a stable situation. 
7. Steps 5 and 6 were repeated as long as the limitations of the test set-up allowed. 
The test limitations were the maximum load of 300 kN (that was obtained from the 
theoretical analysis of grid A) and the maximum stroke of the hydraulic jack. 
8. All the obtained data were stored in a file for processing. 
9. The grid was gradually unloaded. 
In order to increase the accuracy of the obtained test results, the test procedure was carried 
out in the same manner twice. So, two different set of data were obtained that represented 
the response of grid A with normal tightness. 
3.2.3 Test results 
During the tests, displacements of twelve bottom layer nodes of grid A together with 
different applied loads were measured. These results together with some more information 
including date and time of test, temperature and battery voltage were stored in the output 
files. An output file consists of twenty three columns as follows: 
" The first left-hand column indicates the order. 
" The next two columns denote the year and the number of the day of the year when 
the test has been carried out. 
" The next two columns denote the time when the test has been carried out. 
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" The next column shows the degree of the temperature of the environment. 
" The next column denotes the battery voltage. 
" The next twelve columns denote the displacements of nodes 1 to 12 of the bottom 
layer of the grid. 
" The three remaining columns relate to channels that are not connected to the 
sensors. 
9 The last column shows the applied load. 
In order to obtain the load-deflection responses of nodes 1 to 12 of grid A with normal 
tightness, the following procedure was employed. 
"A set of data from output file was chosen. This set consisted of rows of the output 
file for which the displacements and load measurements were in a stable situation. 
A row was considered to correspond to a stable situation where there were no 
significant difference between the values of displacements and load measurements 
in that row and the respective values of the previous row. 
" It was decided that the first row of the above set of data has to be used as the base 
point for linear load-deflection responses of the nodes of the grid. So, all values of 
displacements and load measurements of this row had to be equal to zero. Thus, the 
first element of each column of the set of data was subtracted from all the elements 
of that column. The resulting set of data was used for data analysis in the next 
stages. 
" Since due to symmetry of the grid, loading and support conditions, displacements 
of nodes 1,6,7 and 12 had to be the same, the average of the displacements of 
these nodes in each row were considered as the displacement of node 1. The same 
process was carried out for the data obtained from the second test. The results are 
given in Table 3.1. Finally, the displacements of node 1 versus applied loads in two 
different tests were plotted as shown in Fig 3.5. In this figure the load-deflection 
response shown by thin line relates to the first test and response of the second test is 
shown by thick line. 
74 
" Also, displacements of nodes 5,8 and 11 were the same as node 2. So, the average 
displacements of these four nodes was considered as the response of node 2 and 
given in Table 3.2. The load-deflection response is shown in Fig 3.6. Furthermore, 
Table 3.3. and Fig 3.7 show the displacements of nodes 3,4,9 and 10. 
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Fig 3.5. Experimental load-deflection response of node 1 of grid A with normal tightness 
Table 3.1. Test results for node 1 of grid A with normal tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
36.01 5.46 36.01 5.56 
75.30 10.88 76.56 11.24 
114.21 15.80 121.29 16.91 
156.77 21.07 162.02 21.58 
199.14 24.38 195.66 25.11 
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Fig 3.6. Experimental load-deflection response of node 2 
of grid A with normal tightness 
Table 3.2. Test results for node 2 of grid A with normal tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
36.01 6.34 36.01 6.47 
75.30 12.74 76.56 13.16 
114.21 18.48 121.29 19.76 
156.77 24.51 162.02 25.39 
199.14 31.69 195.66 29.98 
76 
0 10 20 30 40 
250 
200 
F50- 
100-+- 
50- 
0 
Tes 1 
Fig 3.7. Experimental load-deflection response of node 3 
of grid A with normal tightness 
Table 3.3. Test results for node 3 of grid A with normal tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
36.01 7.22 36.01 7.43 
75.30 14.63 76.56 15.18 
114.21 21.18 121.29 22.66 
156.77 27.99 162.02 29.02 
199.14 36.12 195.66 34.23 
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3.2.4 Setting up of grid A with specified degrees of tightness 
The tightening of the connector bolts of grid A to a specified degree was carried out as 
follow: 
" All the nodes of the bottom layer of the grid were levelled using adjustable steel 
props as shown in Fig 3.9. An adjustable steel prop, Fig 3.8, was manufactured 
from an outer tube that constituted the bottom part of prop and an inner tube with 
some holes that constituted the top part of the prop. A threaded portion with a slot 
was welded to the outer tube. A high tensile steel pin that was located through the 
slot in the outer tube and two holes of the inner tube was used for coarse 
adjustment. A threaded collar located below the pin was used for tine adjustment 
and accurate levelling of nodes (Figs 3.8 and 3.9). Particular attention was paid to 
ensure that all props were in firm contact with the concrete base and the balls of the 
connectors. 
Bottum layer i 
of the grid 
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in a hole 
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ales in inner tube 
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Fig 3.8. A schematic view of adjustable prop 
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Fig 3.9. Levelling of bottom layer nodes using adjustable steel props 
" When all bottom layer nodes were levelled, all the bolts of the connectors of the 
grid were loosened using a spanner. The loosening operation was started from 
bottom layer and continued to top layer and completed with web layer. 
" After loosening of all the bolts of the grid, the bottom layer nodes were levelled 
again using the adjustable collars of the props. 
" All the bolts were tightened using an adjustable torque wrench (with a spanner) as 
shown in Fig 3.10. The torque wrench was model EVT2000A and made by Britool 
Limited Co, UK. Its adjusting torque range was 50 to 225 Nm and its length was 
597 mm. The amount of the torque of the torque wrench for tightening the bolts in 
the first stage was set at 50 Nm. The torque wrench indicated with touch, sound and 
sight when the required torque was reached. The square peg at the end of the torque 
wrench was not suitable for gripping and fastening of the sleeves of the connectors. 
So, as shown in Fig 3.10, a spanner was attached to the torque wrench for 
tightening of the bolts. In order to connect the spanner to the torque wrench a 
square hole was cut on the handle of the spanner. The position of the hole was 
determined so that the overall length of the torque wrench and the attached spanner 
was 730 mm. So, the applied torque to the bolts was 20% more than the torque that 
was set on the torque wrench and was 60 Nm in the first stage. The tightening 
process by adjustable torque wrench-spanner started from one side of the bottom 
layer and carried on until all the connectors of this layer were tightened. Then the 
top layer and finally web layer connectors were tightened in a manner similar to 
that of the bottom layer. 
" All adjustable props were removed after the completion of the tightening process. 
The remaining steps for the setting up of grid A with 60 Nm degree of tightness was 
continued in an early morning as follows: 
" The load cell was mounted on the hydraulic jack. The hydraulic jack was fixed in 
the correct position so that the load applied at the centre of the central node of the 
top layer of the grid. 
" Twelve magnet stands were positioned on the measurement support as shown in 
Fig 3.3. 
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Fig 3.10. Tightening of bolts using adjustable torque wrench (with a spanner) 
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" The transducers that had already been numbered in the order shown in Fig 3.1 were 
mounted on the magnet stands. 
" The cables of transducers and load cell, whose ends had already been numbered, 
were connected to the relevant channels of the data logger. 
" The displacement transducers were adjusted and set vertically. 
" The computer and data logger were switched on and the test program was run. 
3.2.5 Testing of grid A with specified degrees of tightness 
Testing of grid A with 60 Nm degree of tightness was started by the conditioning 
operation. To elaborate, around 50 kN load was applied on the grid and after a few seconds 
unloading was carried out. This process repeated a few times. 
The test process was continued as follows: 
1. Each transducer was adjusted so that its stroke was close to its maximum range. 
Particular attention was paid so that all transducers were set vertically. 
2. The main stage of the test was carried out by re-running of the test program. 
3. A small load around 2 kN was applied on the grid. Since the linear behaviour of the 
grid was under investigation, during the calculation of the results, the state of the 
grid under this load was considered as the starting reference point. 
4. The load on the grid was incremented by around 40 kN. 
5. In order to reach a stable situation and record the correct measurements after each 
load increment, at least three different measurements were collected from each 
channel before the application of the next load increment. 
6. Steps 4 and 5 were repeated as long as the limitations of the test set-up allowed. 
The test limitations were the maximum load of 300 kN (that was obtained from the 
theoretical analysis of grid A) and the maximum stroke of the hydraulic jack. 
7. All the obtained data were stored in a file for processing and the grid was gradually 
unloaded. 
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In order to increase the accuracy of the obtained test results, the test procedure was carried 
out in the same manner twice. So, two different sets of data were obtained representing the 
response of grid A with 60 Nm degree of tightness. 
3.2.6 Test results 
The load-deflection responses of nodes 1 to 12 of grid A with 60 Nm degree of tightness 
from output files were calculated as mentioned in Section 3.2.3. The output files containing 
the results are presented in Appendix A. Due to symmetry of the grid, loading and support 
conditions, the displacements of the symmetrically situated nodes had to be the same. In 
order to achieve more reliable results, average values of measurements of symmetrically 
situated node displacements were considered as the response of each one of the symmetric 
nodes. The load-deflection responses of nodes 1,6,7 and 12 are shown in Fig 3.11. Fig 
3.12 shows the response of nodes 2,5,8 and 11. Also, Fig 3.13 shows the response of 
nodes 3,4,9 and 10. The numerical results of nodes 1,2 and 3 are given in Tables 3.4,3.5 
and 3.6, respectively. 
Two further tests were carried out to obtain load-deflection responses of grid A with 120 
Nm degrees of bolt tightness. The following steps were carried out for each of the tests. 
" All the nodes of the bottom layer of the grid were supported using the props. Also, 
all of these nodes were levelled using the adjustable parts of the props (Fig 3.9). 
9 All the bolts of the connectors were loosened using a spanner so that all the sleeves 
were loose. 
" All the bolts of the connectors were tightened using the torque wrench-spanner as 
shows in Fig 3.10. The tightening process was carried out in three stages. In the 
first stage all the bolts of the bottom layer connectors were tightened. The 
tightening process started from one side and carried on until all the bolts of this 
layer were tightened. In the next stage the top layer and finally the web layer bolts 
of the connectors were tightened in a manner similar to that for the bottom layer. 
" All the props were removed. So, the grid was supported on the four corner nodes of 
the bottom layer. Testing of grid A with 120 Nm degrees of tightness was carried 
out in a manner similar to that mentioned in Section 3.2.5. The obtained results 
were stored in output files. 
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" The displacements of nodes 1 to 12 of the bottom layer of the grid versus applied 
loads were calculated from output files in the same manner as mentioned in Section 
3.2.3. The numerical results are given in Tables 3.7 to 3.9 and the load-deflection 
responses of the nodes are shown in Figs 3.14 to 3.16. 
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Fig 3.11. Experimental load-deflection response of node 1 
of grid A with tightness degree of 60 Nm 
Table 3.4. Test results for node 1 of grid A with 60 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
20.58 2.85 27.58 4.90 
32.67 5.00 59.20 9.62 
63.93 10.51 94.46 14.39 
89.93 14.78 120.81 17.81 
120.64 19.58 145.53 21.43 
160.25 23.48 
166.61 24.30 
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Fig 3.12. Experimental load-deflection response of node 2 
of grid A with tightness degree of 60 Nm 
Table 3.5. Test results for node 2 of grid A with 60 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
20.58 3.60 27.58 5.97 
32.67 6.10 59.20 11.63 
63.93 12.62 94.46 17.31 
89.93 17.68 120.81 21.26 
120.64 23.20 145.53 25.45 
160.25 27.81 
166.61 28.82 
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Fig 3.13. Experimental load-deflection response of node 3 
of grid A with tightness degree of 60 Nm 
Table 3.6. Test results for node 3 of grid A with 60 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
20.58 4.23 27.58 7.04 
32.67 7.15 59.20 13.65 
63.93 14.74 94.46 20.28 
89.93 20.65 120.81 24.76 
120.64 26.95 145.53 29.55 
160.25 32.26 
166.61 33.44 
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Fig 3.14. Experimental load-deflection response of node 1 
of grid A with tightness degree of 120 Nm 
Table 3.7. Test results for node 1 of grid A with 120 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
22.52 2.28 28.99 2.97 
37.54 3.81 48.93 4.94 
54.11 5.43 84.39 8.35 
73.26 7.23 117.78 11.41 
98.38 9.56 138.49 13.24 
124.26 11.88 163.34 15.39 
159.47 14.95 198.57 18.38 
190.79 17.77 224.17 20.42 
214.34 19.97 239.19 21.61 
241.27 22.50 
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Fig 3.15. Experimental load-deflection response of node 2 
of grid A with tightness degree of 120 Nm 
Table 3.8. Test results for node 2 of grid A with 120 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
22.52 2.77 28.99 3.61 
37.54 4.64 48.93 5.97 
54.11 6.56 84.39 10.00 
73.26 8.71 117.78 13.61 
98.38 11.49 138.49 15.75 
124.26 14.21 163.34 18.23 
159.47 17.78 198.57 21.68 
190.79 21.05 224.17 24.02 
214.34 23.64 239.19 25.39 
241.27 26.51 
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Fig 3.16. Experimental load-deflection response of node 3 
of grid A with tightness degree of 120 Nm 
Table 3.9. Test results for node 3 of grid A with 120 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
22.52 3.21 28.99 4.22 
37.54 5.38 48.93 6.98 
54.11 7.64 84.39 11.64 
73.26 10.11 117.78 15.78 
98.38 13.32 138.49 18.18 
124.26 16.47 163.34 20.96 
159.47 20.50 198.57 24.81 
190.79 24.17 224.17 27.45 
214.34 27.04 239.19 28.99 
241.27 30.25 
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3.3 Test grid B 
Grid B is obtained by removing four bottom layer nodes of gird A which results in the 
removal of 16 web elements as well as 16 bottom layer elements. So, due to the reduction 
in the number of elements of the grid, grid B is more flexible in comparison with grid A. A 
general view of grid B is shown in Fig 3.17. Also, a plan view of grid B is shown in Fig 
3.18. In this figure, the top layer elements are shown by thick lines and the bottom layer 
elements as well as the web elements are shown by thin lines. 
Grid B was tested with three different support arrangements. 
" The first support arrangement consists of 4 two directional roller supports at the 
four corners. The support positions are indicated by small squares in Fig 3.19. Grid 
B with this support arrangement is referred to as grid B4. It should be mentioned 
that the prevention of the lateral movement of grid B4 during the tests is achieved 
in the manner described in section 2.8.3. 
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Fig. 3.17. A general view of grid B 
" The second support arrangement is the same as that of grid B4 with 4 additional 
two directional roller supports at the positions shown in Fig 3.20. Grid B with this 
support arrangement is referred to as grid B8. 
" The third support arrangement is the same as that of grid B4 with 8 additional two 
directional roller supports at the positions shown in Fig 3.21. grid B with this 
support arrangement is referred to as grid B 12. 
Fig 3.18. Plan view of grid B where the top layer elements are shown by thick lines and the 
bottom layer elements as well as the web elements are shown by thin lines. 
When testing the grids, the load was applied to the central node of the top layer using a 
hydraulic jack whose position is shown by a little circle in Fig 3.22. The amount of applied 
load was measured using a load cell that was placed between the hydraulic jack and the 
central node of the grid. The details regarding the arrangement of the hydraulic jack and 
the load cell are discussed in section 3.2.1. 
91 
Fig 3.19. Plan of grid B4 
Fig 3.20. Plan of grid B8 
Fig 3.21. Plan of grid B 12 
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In each one of the tests, the displacements of twelve bottom layer nodes were measured as 
the response of the test grids using twelve displacement transducers. These nodes are 
shown by little solid circles in Figs 3.22. The details concerning the displacement 
transducers and their support arrangement are discussed in section 3.2.1. In order to 
determine the manner of the behaviour of the test grids during the test process, 
displacements of the nodes in the case of unloading were measured. 
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Fig 3.22. Positions of load cell and displacement transducers on the grid B 
3.3.1 Testing of grids B4, B8 and B 12 
The main purpose of the experimental work in the present research is to investigate the 
effects of the degree of tightness of the bolts of the connectors on the behaviour of double 
layer grids. To this end, each one of the test grids B4, B8 and B12 were tested four times 
with four different levels of tightness of the bolts. For each test all the bolts were initially 
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loosened and then tightened to a specific degree of tightness. This was carried out using an 
adjustable torque wrench. So, all the bolts of the connectors had the same degree of 
tightness for each test. The actual test procedure was carried out as follows: 
1. All the nodes of the grid were loosened and then tightened to 60 Nm degree of 
tightness. Loosening and tightening process was carried out in the manner 
described in Section 3.2.4. 
2. The grid was hoisted using a crane. Four support assemblies were placed on the 
base plates of the four corner columns. Attention was paid to placing the support 
assemblies in the correct positions so that the welded steel angles could control the 
horizontal movements of the test grid (see Section 2.8.3). Then, the grid was placed 
on the support assemblies. 
3. The hydraulic jack, load cell and displacement transducers were mounted in correct 
positions. The load cell and transducers were connected to the data-logger using 
thirteen cables. The setting up of the loading system and measurement equipments 
were carried out as discussed in Section 3.2.1. 
4. Testing of grid B4 with 60 Nm degree of tightness was started by the conditioning 
operation. To elaborate, around 50 kN load was applied on the grid and after a few 
seconds unloading was carried out. This operation was repeated for a few times. 
5. The test process was continued as discussed in Section 3.2.2. Displacements of 
nodes 1 to 12 of grid B4 during loading and unloading were stored in a file for 
processing. In order to increase the accuracy of the test results, the test procedure 
was carried out twice. 
6. When testing of grid B4 completed, the grid was hoisted using a crane. Four more 
support assemblies were placed on the four columns to create the support 
arrangement for grid B8 (Fig 3.20). Then, the grid was placed on the eight support 
assemblies. The test of grid B8 with 60 Nm degree of tightness was carried out in 
the manner described in steps 3 to 5 above. 
7. After the completion of testing of grid B8, the grid was hoisted using a crane. 
Placing four more support assemblies on four remaining columns, the support 
arrangement for grid B12 (Fig 3.21) was created. Then, the grid was placed on the 
94 
twelve support assemblies. Grid B12 with 60Nm degree of tightness was tested in 
the same manner as described in steps 3 to 5 above 
8. When the testing of grids B4, B8 and B12 with 60 Nm degree of tightness was 
completed, all the bolts of the nodes of grid B were loosened and then tightened to 
120 Nm degree of tightness. Then, steps 2 to 7 were repeated to obtain the 
responses of these grids under applied loads. Subsequently, this procedure was 
repeated to test grids B4, B8 and B12 with degrees of tightness 180 Nm and 240 
Nm. 
3.3.2 Test results of grid B 
In testing grid B with different support conditions and different degrees of tightness, 
displacements of nodes 1 to 12 of the grid under applied loads were measured. The load- 
deflection response of these nodes from output files were calculated as described in 
Section 3.2.3. 
The geometry of test grid B and the applied load in the all cases were symmetric. Also, the 
components of grid B were identical. Furthermore, the support conditions of grids B4, B8 
and B 12 were symmetric. Therefore, nodes 1,6,7 and 12 had to have the same 
displacements and the same applies to nodes 2,5,8 and 11 and the nodes 3,4,9 and 10. 
So, in order to achieve more accurate results, the average value of the measurements for 
each one of the above groups of four nodes was considered as the response for each group 
of symmetrically situated nodes. Therefore, displacements of nodes 1,2 and 3 represent the 
responses of the above mentioned three groups of nodes. 
The load-deflection responses of nodes 1,2 and 3 of grids B4, B8 and B12 with different 
degrees of tightness are given in Tables 3.10 to 3.45. Also, the graphical versions of these 
results are shown in Figs 3.23 to 3.58. In each one of these figures two different load- 
deflection responses of a node under applied loads are represented (see step 5 in Section 
3.3.1). The load-deflection responses shown by thin lines relate to the first tests 
representing both loading and unloading. The responses of the second tests are shown by 
thick lines for both loading and unloading. So, each figure contains four response curves: 
" Loading for test 1 (thin line), 
" Unloading for test 1 (thin line), 
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" Loading for test 2 (thick line) and 
" Unloading for test 2 (thick line). 
Generally, all the unloading branches of the load-deflection responses of the grids, which 
are shown in Figs 3.23 to 3.58, are in good agreement with the corresponding loading 
branch. This indicates that test grid B during all the tests remained in the elastic range. 
Furthermore, all the four curves in most of the figures are very close and have good 
conformity. This confirms the reliability of the test results. 
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Fig 3.23. Experimental load-deflection response of node 1 of 
grid B4 with 60 Nm degree of bolt tightness 
Table 3.10. Test results for node 1 of grid B4 with 60 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
42.13 6.10 39.71 5.80 
81.62 10.53 81.84 10.67 
123.97 14.92 124.85 15.06 
157.98 18.57 162.15 18.82 
163.25 19.16 156.23 18.28 
111.24 14.18 107.73 13.59 
78.77 10.93 65.82 9.10 
44.98 6.86 -1.54 -0.28 
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Fig 3.24. Experimental load-deflection response of node 2 of 
grid B4 with 60 Nm degree of bolt tightness 
Table 3.11. Test results for node 2 of grid B4 with 60 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
42.13 7.70 39.71 7.35 
81.62 13.16 81.84 13.28 
123.97 18.57 124.85 18.66 
157.98 22.97 162.15 23.24 
163.25 23.65 156.23 22.57 
111.24 17.56 107.73 16.84 
78.77 13.43 65.82 11.37 
44.98 8.66 -1.54 -0.34 
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Fig 3.25. Experimental load-deflection response of node 3 of 
grid B4 with 60 Nm degree of bolt tightness 
Table 3.12. Test results for node 3 of grid B4 with 60 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
42.13 9.01 39.71 8.58 
81.62 15.30 81.84 15.39 
123.97 21.45 124.85 21.50 
157.98 26.41 162.15 26.69 
163.25 27.19 156.23 25.93 
111.24 20.26 107.73 19.42 
78.77 15.57 65.82 13.17 
44.98 10.10 -1.54 -0.47 
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Fig 3.26. Experimental load-deflection response of node 1 of 
grid B8 with 60 Nm degree of bolt tightness 
Table 3.13. Test results for node 1 of grid B8 with 60 Nm tightness 
Test 1 Test2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
48.29 4.43 45.65 4.10 
96.35 8.03 103.80 8.40 
138.49 10.98 145.50 11.15 
189.41 14.37 187.42 13.80 
224.31 16.73 224.95 16.11 
170.75 13.57 188.74 14.01 
115.89 10.13 133.65 10.63 
64.75 6.55 92.83 7.90 
-3.51 0.54 57.50 5.34 
-2.64 -0.13 
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Fig 3.27. Experimental load-deflection response of node 2 of 
grid B8 with 60 Nm degree of bolt tightness 
Table 3.14. Test results for node 2 of grid B8 with 60 Nm tightness 
Test 1 Test2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
48.29 6.12 45.65 5.74 
96.35 10.77 103.80 11.34 
138.49 14.61 145.50 14.98 
189.41 19.00 187.42 18.47 
224.31 21.96 224.95 21.39 
170.75 17.91 188.74 18.70 
115.89 13.39 133.65 14.30 
64.75 8.69 92.83 10.71 
-3.51 0.32 57.50 7.35 
-2.64 -0.24 
101 
05 10 15 20 25 
250 
200 
3Z 150 
.° 100 
50 
0 
Displacement mm 
ýt 
Test 2 
Fig 3.28. Experimental load-deflection response of node 3 of 
grid B8 with 60 Nm degree of bolt tightness 
Table 3.15. Test results for node 3 of grid B8 with 60 Nm tightness 
Test 1 Test2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
48.29 7.84 45.65 7.06 
96.35 13.03 103.80 13.73 
138.49 17.51 145.50 18.00 
189.41 22.61 187.42 22.05 
224.31 26.05 224.95 25.53 
170.75 21.32 188.74 22.30 
115.89 15.98 133.65 17.14 
64.75 10.43 92.83 12.91 
-3.51 0.20 57.50 8.94 
-2.64 -0.34 
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Fig 3.29. Experimental load-deflection response of node 1 of 
grid B 12 with 60 Nm degree of bolt tightness 
Table 3.16. Test results for node 1 of grid B12 with 60 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
43.45 2.64 45.00 2.74 
97.01 5.37 93.06 5.16 
146.61 7.65 131.25 6.91 
185.90 9.28 172.73 8.64 
238.36 11.41 226.94 10.78 
281.82 13.09 281.59 12.84 
276.33 12.93 240.77 11.42 
209.38 10.56 182.39 9.22 
160.22 8.39 130.59 7.07 
113.69 6.63 91.74 5.05 
68.25 4.45 54.43 3.42 
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Fig 3.30. Experimental load-deflection response of node 2 of 
grid B12 with 60 Nm degree of bolt tightness 
Table 3.17. Test results for node 2 of grid B 12 with 60 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
43.45 4.25 45.00 4.47 
97.01 8.66 93.06 8.36 
146.61 12.29 131.25 11.16 
185.90 14.96 172.73 13.94 
238.36 18.36 226.94 17.40 
281.82 21.14 281.59 20.71 
276.33 20.87 240.77 18.39 
209.38 16.97 182.39 14.82 
160.22 13.88 130.59 11.42 
113.69 10.74 91.74 8.61 
68.25 7.29 54.43 5.63 
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Fig 3.31. Experimental load-deflection response of node 3 of 
grid B 12 with 60 Nm degree of bolt tightness 
Table 3.18. Test results for node 3 of grid B 12 with 60 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
43.45 5.34 45.00 5.74 
97.01 10.89 93.06 10.66 
146.61 15.48 131.25 14.16 
185.90 18.84 172.73 17.68 
238.36 23.20 226.94 22.04 
281.82 26.77 281.59 26.24 
276.33 26.42 240.77 23.31 
209.38 21.49 182.39 18.77 
160.22 17.58 130.59 14.46 
113.69 13.56 91.74 10.91 
68.25 9.21 54.43 7.15 
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Fig 3.32. Experimental load-deflection response of node 1 of 
grid B4 with 120 Nm degree of bolt tightness 
Table 3.19. Test results for node 1 of grid B4 with 120 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
55.29 7.21 51.78 6.97 
97.85 11.89 98.52 12.04 
135.37 15.84 138.01 15.93 
170.69 19.55 174.65 19.46 
182.54 20.81 182.33 20.18 
125.06 15.52 159.73 18.21 
80.74 10.91 125.29 14.88 
-1.32 0.21 78.33 10.00 
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Fig 3.33. Experimental load-deflection response of node 2 of 
grid B4 with 120 Nm degree of bolt tightness 
Table 3.20. Test results for node 2 of grid B4 with 120 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
55.29 8.98 51.78 8.63 
97.85 14.68 98.52 14.56 
135.37 19.44 138.01 19.57 
170.69 23.86 174.65 23.86 
182.54 25.32 182.33 24.74 
125.06 18.92 159.73 22.32 
80.74 13.28 125.29 18.28 
-1.32 0.10 78.33 12.31 
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Fig 3.34. Experimental load-deflection response of node 3 of 
grid B4 with 120 Nm degree of bolt tightness 
Table 3.21. Test results for node 3 of grid B4 with 120 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
55.29 10.55 51.78 10.07 
97.85 17.06 98.52 17.13 
135.37 22.46 138.01 22.56 
170.69 27.43 174.65 27.41 
182.54 29.08 182.33 28.42 
125.06 21.79 159.73 25.65 
80.74 15.47 125.29 21.05 
-1.32 0.08 78.33 14.34 
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Fig 3.35. Experimental load-deflection response of node 1 of 
grid B8 with 120 Nm degree of bolt tightness 
Table 3.22. Test results for node 1 of grid B8 with 120 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
49.37 4.11 53.75 4.59 
102.46 8.09 103.78 8.19 
144.81 10.95 146.34 10.99 
184.96 13.52 184.30 13.31 
220.07 15.81 223.79 15.68 
247.93 17.62 254.51 17.57 
204.49 15.15 207.12 14.89 
156.88 12.32 154.02 11.73 
115.41 9.71 111.02 8.99 
63.63 6.05 73.50 6.39 
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Fig 3.36. Experimental load-deflection response of node 2 of 
grid B8 with 120 Nm degree of bolt tightness 
Table 3.23. Test results for node 2 of grid B8 with 120 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
49.37 5.61 53.75 6.17 
102.46 10.79 103.78 10.83 
144.81 14.56 146.34 14.49 
184.96 18.02 184.30 17.59 
220.07 21.01 223.79 20.67 
247.93 23.37 254.51 23.08 
204.49 20.19 207.12 19.64 
156.88 16.49 154.02 15.53 
115.41 13.00 111.02 11.93 
63.63 8.25 73.50 8.59 
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Fig 3.37. Experimental load-deflection response of node 3 of 
grid B8 with 120 Nm degree of bolt tightness 
Table 3.24. Test results for node 3 of grid B8 with 120 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
49.37 6.81 53.75 7.51 
102.46 12.98 103.78 13.03 
144.81 17.49 146.34 17.35 
184.96 21.57 184.30 20.96 
220.07 25.06 223.79 24.54 
247.93 27.86 254.51 27.41 
204.49 24.15 207.12 23.36 
156.88 19.83 154.02 18.58 
115.41 15.78 111.02 14.40 
63.63 10.18 73.50 10.43 
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Fig 3.38. Experimental load-deflection response of node 1 of 
grid B12 with 120 Nm degree of bolt tightness 
Table 3.25. Test results for node 1 of grid B 12 with 120 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
47.85 2.65 55.09 2.95 
109.53 5.54 105.35 5.34 
139.82 6.84 149.03 7.21 
197.77 9.18 185.68 8.70 
230.03 10.46 228.04 10.33 
262.52 11.83 259.86 11.49 
299.61 13.48 299.59 13.00 
254.39 11.91 245.60 11.14 
205.45 10.10 204.11 9.62 
153.87 8.06 160.44 7.92 
114.36 6.38 112.37 5.89 
70.90 4.35 72.65 4.05 
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Fig 3.39. Experimental load-deflection response of node 2 of 
grid B 12 with 120 Nm degree of bolt tightness 
Table 3.26. Test results for node 2 of grid B 12 with 120 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
47.85 4.45 55.09 4.90 
109.53 9.08 105.35 8.70 
139.82 11.17 149.03 11.68 
197.77 14.92 185.68 14.05 
230.03 16.99 228.04 16.67 
262.52 19.18 259.86 18.58 
299.61 21.87 299.59 21.04 
254.39 19.34 245.60 18.05 
205.45 16.46 204.11 15.59 
153.87 13.21 160.44 12.88 
114.36 10.55 112.37 9.66 
70.90 7.35 72.65 6.77 
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Fig 3.40. Experimental load-deflection response of node 3 of 
grid B 12 with 120 Nm degree of bolt tightness 
Table 3.27. Test results for node 3 of grid B12 with 120 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
47.85 5.64 55.09 6.20 
109.53 11.52 105.35 10.99 
139.82 14.16 149.03 14.77 
197.77 18.91 185.68 17.76 
230.03 21.51 228.04 21.10 
262.52 24.32 259.86 23.52 
299.61 27.71 299.59 26.64 
254.39 24.51 245.60 22.84 
205.45 20.82 204.11 19.71 
153.87 16.71 160.44 16.28 
114.36 13.41 112.37 12.22 
70.90 9.28 72.65 8.55 
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Fig 3.41. Experimental load-deflection response of node 1 of 
grid B4 with 180 Nm degree of tightness 
Table 3.28. Test results for node 1 of grid B4 with 180 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
48.92 5.87 41.90 5.13 
101.35 11.77 92.79 10.72 
147.86 16.88 145.22 16.11 
171.99 19.51 167.16 18.35 
102.89 12.90 143.69 16.26 
-1.96 0.42 110.56 13.12 
68.88 8.74 
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Fig 3.42. Experimental load-deflection response of node 2 of 
grid B4 with 180 Nm degree of bolt tightness 
Table 3.29. Test results for node 2 of grid B4 with 180 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
48.92 7.19 41.90 6.23 
101.35 14.34 92.79 13.01 
147.86 20.42 145.22 19.49 
171.99 23.48 167.16 22.16 
102.89 15.59 143.69 19.68 
-1.96 0.44 110.56 15.91 
68.88 10.66 
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Fig 3.43. Experimental load-deflection response of node 3 of 
grid B4 with 180 Nm degree of bolt tightness 
Table 3.30. Test results for node 3 of grid B4 with 180 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
48.92 8.44 41.90 7.19 
101.35 16.48 92.79 14.94 
147.86 23.34 145.22 22.29 
171.99 26.80 167.16 25.30 
102.89 17.76 143.69 22.19 
-1.96 0.38 110.56 18.14 
68.88 12.20 
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Fig 3.44. Experimental load-deflection response of node 1 of 
grid B8 with 180 Nm degree of bolt tightness 
Table 3.31. Test results for node 1 of grid B8 with 180 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
59.01 4.30 53.97 3.93 
101.78 7.18 101.35 7.20 
147.63 10.25 148.52 10.32 
202.03 13.73 195.46 13.18 
241.52 16.29 247.45 16.29 
277.27 18.90 277.50 18.07 
223.53 15.93 156.85 11.17 
165.40 12.27 108.15 8.05 
118.24 9.47 
77.44 6.66 
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Fig 3.45. Experimental load-deflection response of node 2 of 
grid B8 with 180 Nm degree of bolt tightness 
Table 3.32. Test results for node 2 of grid B8 with 180 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
59.01 5.81 53.97 5.32 
101.78 9.61 101.35 9.51 
147.63 13.49 148.52 13.45 
202.03 17.93 195.46 17.19 
241.52 21.13 247.45 21.18 
277.27 24.40 277.50 23.43 
223.53 20.63 156.85 14.55 
165.40 16.15 108.15 10.57 
118.24 12.34 
77.44 8.74 : 71 
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Fig 3.46. Experimental load-deflection response of node 3 of 
grid B8 with 180 Nm degree of bolt tightness 
Table 3.33. Test results for node 3 of grid B8 with 180 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
59.01 7.06 53.97 6.47 
101.78 11.59 101.35 11.48 
147.63 16.15 148.52 16.14 
202.03 21.37 195.46 20.48 
241.52 25.09 247.45 25.18 
277.27 28.97 277.50 27.88 
223.53 24.44 156.85 17.37 
165.40 19.17 108.15 12.66 
118.24 14.67 
77.44 10.44 
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Fig 3.47. Experimental load-deflection response of node 1 of 
grid B 12 with 180 Nm degree of bolt tightness 
Table 3.34. Test results for node 1 of grid B12 with 180 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
50.91 2.34 54.40 2.41 
101.82 4.45 102.88 4.37 
152.28 6.58 154.88 6.35 
192.97 8.37 200.95 8.03 
236.31 10.11 245.70 9.59 
282.39 12.07 281.01 10.78 
235.64 10.52 244.82 9.48 
165.21 7.88 193.49 7.49 
111.68 5.71 141.49 5.41 
63.41 3.62 92.35 3.32 
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Fig 3.48. Experimental load-deflection response of node 2 of 
grid B 12 with 180 Nm degree of bolt tightness 
Table 3.35. Test results for node 2 of grid B 12 with 180 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
50.91 3.96 54.40 4.10 
101.82 7.54 102.88 7.37 
152.28 11.09 154.88 10.64 
192.97 13.96 200.95 13.35 
236.31 16.81 245.70 15.94 
282.39 20.02 281.01 17.90 
235.64 17.44 244.82 15.78 
165.21 13.37 193.49 12.57 
111.68 9.62 141.49 9.20 
63.41 6.21 92.35 5.80 
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Fig 3.49. Experimental load-deflection response of node 3 of 
grid B12 with 180 Nm degree of bolt tightness 
Table 3.36. Test results for node 3 of grid B12 with 180 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
50.91 5.20 54.40 5.45 
101.82 8.80 102.88 9.65 
152.28 14.30 154.88 13.85 
192.97 17.98 200.95 17.35 
236.31 21.63 245.70 20.65 
282.39 25.69 281.01 23.09 
235.64 22.36 244.82 20.43 
165.21 16.90 193.49 16.37 
111.68 12.41 141.49 12.10 
63.41 8.14 92.35 7.83 
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Fig 3.50. Experimental load-deflection response of node 1 of 
grid B4 with 240 Nm degree of bolt tightness 
Table 3.37. Test results for node 1 of grid B4 with 240 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
49.36 6.06 50.89 6.11 
98.93 11.61 96.08 10.99 
137.32 15.65 137.76 15.15 
171.54 19.16 168.70 18.12 
114.94 13.83 165.18 17.81 
72.39 9.27 154.43 16.83 
20.62 3.06 105.29 11.98 
-1.96 0.02 61.86 7.14 
11.19 1.03 
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Fig 3.51. Experimental load-deflection response of node 2 of 
grid B4 with 240 Nm degree of bolt tightness 
Table 3.38. Test results for node 2 of grid B4 with 240 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
49.36 7.39 50.89 7.38 
98.93 14.17 96.08 13.32 
137.32 19.99 137.76 18.31 
171.54 23.17 168.70 21.87 
114.94 16.72 165.18 21.49 
72.39 11.23 154.43 20.31 
20.62 3.70 105.29 14.45 
-1.96 -0.07 61.86 8.63 
11.19 1.18 
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Fig 3.52. Experimental load-deflection response of node 3 of 
grid B4 with 240 Nm degree of bolt tightness 
Table 3.39. Test results for node 3 of grid B4 with 240 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
49.36 8.57 50.89 8.52 
98.93 16.33 96.08 15.30 
137.32 21.79 137.76 20.97 
171.54 26.53 168.70 24.99 
114.94 19.19 165.18 24.56 
72.39 12.93 154.43 23.20 
20.62 4.31 105.29 16.56 
-1.96 -0.07 61.86 9.89 
11.19 1.40 
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Fig 3.53. Experimental load-deflection response of node 1 of 
grid B8 with 240 Nm degree of bolt tightness 
Table 3.40. Test results for node 1 of grid B8 with 240 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
49.80 3.78 52.65 3.93 
97.18 6.96 100.03 7.18 
152.90 10.55 152.46 10.61 
198.52 13.37 191.50 13.02 
256.21 16.92 245.24 16.27 
275.08 18.08 274.42 18.04 
216.07 14.82 247.87 16.62 
142.59 10.33 188.43 13.16 
78.09 6.01 125.69 9.23 
-1.52 0.05 75.02 5.82 
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Fig 3.54. Experimental load-deflection response of node 2 of 
grid B8 with 240 Nm degree of bolt tightness 
Table 3.41. Test results for node 2 of grid B8 with 240 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
49.80 4.98 52.65 5.25 
97.18 9.13 100.03 9.54 
152.90 13.74 152.46 13.96 
198.52 17.53 191.50 17.06 
256.21 21.95 245.24 21.25 
275.08 23.42 274.42 23.48 
216.07 19.21 247.87 21.64 
142.59 13.44 188.43 17.20 
78.09 7.92 125.69 12.22 
-1.52 -0.11 75.02 7.74 
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Fig 3.55. Experimental load-deflection response of node 3 of 
grid B8 with 240 Nm degree of bolt tightness 
Table 3.42. Test results for node 3 of grid B8 with 240 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
49.80 6.09 52.65 6.42 
97.18 11.09 100.03 11.54 
152.90 16.54 152.46 16.73 
198.52 20.82 191.50 20.38 
256.21 26.08 245.24 25.24 
275.08 27.83 274.42 27.92 
216.07 22.83 247.87 25.70 
142.59 16.03 188.43 20.50 
78.09 9.51 125.69 14.55 
-1.52 -0.17 75.02 9.33 
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Fig 3.56. Experimental load-deflection response of node 1 of 
grid B 12 with 240 Nm degree of bolt tightness 
Table 3.43. Test results for node 1 of grid B12 with 240 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
60.76 2.77 54.40 2.66 
107.93 4.73 101.13 4.40 
148.96 6.46 142.15 6.35 
192.61 8.25 186.24 8.11 
225.74 9.64 230.33 9.80 
264.35 11.21 261.04 10.93 
318.10 13.35 295.04 12.12 
244.20 10.76 241.30 10.29 
189.32 8.78 182.07 8.10 
121.10 6.03 123.94 5.79 
70.42 3.80 65.59 3.24 
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Fig 3.57. Experimental load-deflection response of node 2 of 
grid B12 with 240 Nm degree of bolt tightness 
Table 3.44. Test results for node 2 of grid B 12 with 240 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
60.76 4.59 54.40 4.34 
107.93 7.85 101.13 7.63 
148.96 10.70 142.15 10.38 
192.61 13.53 186.24 13.19 
225.74 15.68 230.33 15.94 
264.35 18.14 261.04 17.75 
318.10 21.66 295.04 19.77 
244.20 17.43 241.30 16.78 
189.32 14.20 182.07 13.19 
121.10 9.82 123.94 9.48 
70.42 6.26 65.59 5.40 
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Fig 3.58. Experimental load-deflection response of node 3 of 
grid B12 with 240 Nm degree of bolt tightness 
Table 3.45. Test results for node 3 of grid B12 with 240 Nm tightness 
Test 1 Test 2 
Load (kN) Deflection (mm) Load (kN) Deflection (mm) 
0.00 0.00 0.00 0.00 
60.76 6.00 54.40 5.62 
107.93 10.11 101.13 9.84 
148.96 13.71 142.15 13.33 
192.61 17.37 186.24 16.95 
225.74 20.10 230.33 20.41 
264.35 23.23 261.04 22.75 
318.10 27.65 295.04 25.24 
244.20 22.35 241.30 21.43 
189.32 18.22 182.07 16.89 
121.10 12.66 123.94 12.15 
70.42 8.17 65.59 7.00 
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CHAPTER 4 
PRESENTATION OF TEST 
RESULTS 
4.1 Introduction 
The behaviour of a connector in a space structure is not always bending dominated. In a 
number of space structure families such as double layer grids, domes with high rise to span 
ratio and towers, the behaviour is dominated by axial force. This differs from conventional 
framed structures where behaviour is mainly governed by bending. Therefore, an important 
role of the connectors in space structures is to transfer axial forces. 
The experimental load-deflection responses of the test grids with different degrees of bolt 
tightness are presented and discussed in this chapter. In order to compare the experimental 
and analytical responses, the numerical results obtained through linear elastic analysis of 
the grids for relevant nodes are also presented in the present chapter. 
4.2 Analysis of the test grids with pin and rigid joints 
The analysis and design of lattice space structures are normally simplified by using the 
assumption that the connectors behave as pinned or rigid joints. However, the actual 
behaviour of the joints does not conform to either of these extremes. The actual response of 
most practical connectors will fall somewhere between the two cases, resulting in what is 
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generally termed semi-rigid behaviour. Also, the behaviour of a semi-rigidly jointed space 
structure is between the extremes of absolute rigidity and absolute flexibility provided. 
In order to compare the experimental load-deflection responses of the test grids with 
numerical results obtained through analysis of the grids, the test grids A, B4, B8 and B12 
were analysed using the ETEBS version 8 package. The analysis of each grid was carried 
out twice. The first analysis was performed using the assumption that all the joints of the 
grid behave as pin joints. In the second analysis all the joints were modelled as rigid joints. 
In order to create the test grids data in ETABS, the geometric particulars of grids A and B 
were considered as mentioned in Sections 2.3.1 and 2.3.2. The cross-section of all the 
elements was considered to be a tube with outer diameter of 76.4 mm and thickness of 3.5 
mm. The material was considered to be steel with the modulus of elasticity of 206 kN/mm2 
for all the elements. 
Y 
X, YandZ 
degrees of 
freedom are 
constrained 
Z upward 
Fig 4.1. General support condition of the grids 
The support condition for the analytical model was chosen as follows: 
of 
i are 
ned 
All the 
supports 
a single 
raint in 
direction 
X 
" Three translational degrees of freedom of one of the corner supports were 
constrained, as shown in Fig 4.1. 
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" Two translational degrees of freedom of another corner support were constrained, 
as shown in Fig 4.1. 
" All the other supports had their vertical degree of freedom constrained. 
In the analysis, the self-weight of the grids was not taken into account. This is justified on 
the basis that the joint deflection measurements during the testing of the grids did not 
include the effect of the self-weight of the grids. Therefore, to be comparable with the test 
results, the analytical deflection calculations should not consider the self-weight. 
The testing of the grids was carried out in the elastic range for all the cases. As far as the 
theoretical results are concerned, the deflections for nodes 1,2 and 3 were obtained for a 
central load of 100 kN. These theoretical deflections are shown in Table 4.1. 
Table 4.1. Numerical results obtained from analysis of the grids for 
pin and rigid joint conditions 
Deflection for 
pin joint condition 
mm 
Deflection for 
rigid joint condition 
mm 
Percentage 
difference 
Node 1 6.8145 6.7316 1.2% 
Grid A Node 2 7.7934 7.7164 1.0 % 
Node 3 8.6742 8.5957 0.9 % 
Node 1 7.1018 7.0278 1.1 % 
Grid B4 Node 2 8.3965 8.3225 0.9 % 
Node 3 9.4280 9.3493 0.8 % 
Node 1 2.8665 2.8148 1.8% 
Grid B8 Node 2 4.8516 4.7839 1.4% 
Node 3 6.2075 6.1295 1.3 % 
Node 1 2.3259 2.2715 2.4 % 
Grid B12 Node 2 3.9891 3.9117 2.0% 
Node 3 5.1788 5.0869 1.8% 
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In Table 4.1, deflections of nodes 1,2 and 3 of the test grids obtained from analysis of the 
grids with the assumption of pin joint are shown in the third column. Also, the deflections 
of the nodes when the joints of the grids are assumed to be rigidly jointed are given in the 
fourth column. The comparison of the corresponding values in these columns shows that 
the deflections of the nodes for pin and rigid cases are very close, as may be seen from the 
fifth column of the table. 
The fact that the analytical responses of the test grids for both pin and rigid joint conditions 
are very close is predictable. It is a fact that the manner of modelling of connectors for 
structures having the following three conditions has no significant effect on the response of 
the structure. The conditions are: 
" The structure with the assumption that all the connectors behave as pin joints to be 
statically stable. 
" The structure to be loaded at joints only. 
" The proportions of the cross-sections of the members are such that the bending 
rigidities are not abnormally high. 
In practice, the analysis of double layer grids that satisfy the above conditions is simplified 
by using the assumption that the connections behave as pin joints. In the present work, the 
results obtained from the pin jointed analysis of the test grids are considered as the 
theoretical responses. 
4.3 Presentation of theoretical and experimental results of grid A 
The experimental load-deflection responses of nodes 1,2 and 3 of grid A with different 
degrees of tightness are shown in Figs 4.2,4.3 and 4.4. Each figure corresponds to a node 
and includes the load-deflection responses obtained for that node. In these figures, 
responses of the nodes of grid A with 60 Nm degree of tightness are drawn by dashed 
lines. Also, the responses of the nodes with normal and 120 Nm degree of tightness are 
drawn by dotted and dash-dot lines, respectively. The letter T is an abbreviation for 
"tightness" of the bolts. The numerical results obtained through linear elastic analysis of 
the test grid A for the relevant nodes are also shown as a straight line in the Figs 4.2 to 4.4. 
The analysis results are shown by thick lines and are labelled "Analysis". 
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Fig 4.2. Load-deflection responses of node 1 of grid A with different degrees of tightness 
of bolts together with the analysis results 
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Fig 4.3. Load-deflection responses of node 2 of grid A with different degrees of tightness 
of bolts together with the analysis results 
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Fig 4.4 Load-deflection responses of node 3 of grid A with different degrees of tightness of 
bolts together with the analysis results 
A general observation of the graphs of Figs 4.2 to 4.4 reveals that unlike the analysis 
results, all of the experimental responses have a nonlinear behaviour, in particular, in the 
initial stages of the loading. Furthermore, it may be observed that all the graphs of the 
experimental results are on the right-hand side of the graph of analysis results. These 
observations lead to four interesting conclusions: 
The first conclusion is that the actual behaviour of the test grid is rather different from that 
suggested by the linear analysis. The analytical load-deflection relationships for the nodes 
of the grid are linear whereas the experimental results reveal that the actual responses are 
nonlinear. This does not imply that a nonlinear analysis would have given rise to results 
similar to the experimental responses. Actually, the difference between the linear and 
(geometrically) nonlinear numerical results in this case would be negligible. 
The second conclusion concerns the fact that the experimental results in all the cases 
indicate that the grid is more flexible than the numerical results suggest. This can be 
explained by the fact that the analytical model cannot accurately represent the actual test 
grid. In order to produce data for the analysis of grid A, it was assumed that the grid 
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consists of tubular steel members with a uniform cross-section that are connected together 
at the intersection points of the members. These intersection points were considered as the 
nodes of the grid in Fig 2.2. However, the actual test grid is constructed using a MERO- 
type system. A typical component of the MERO system consists of a steel tube element 
together with the end connectors, as shown in Fig 4.5. This component is connected to the 
rest of the structure by means of the end balls. In the analytical model, the centre points of 
the balls are considered as the nodes of the grid and the geometrical as well as mechanical 
properties of the tubular elements are considered for the whole of the member. In reality, 
the main part of the members of the grid is tubular, but the presence of the connectors 
whose actual behaviour is not taken into account in the analysis has a major influence on 
the response of the grid. 
Tubular Element 
Fig 4.5. A typical component of the test grid 
In order to discuss the matter in greater detail, four tubular elements of the test grid that are 
connected together by means of a MERO-type connector are shown in Fig 4.6a. (The 
constituent parts of the MERO jointing system as well as the manner of transmission of the 
tensile, compressive and bending effects in the MERO-type system are described in 
Section 1.3). 
In the analysis process, the arrangement of Fig 4.6a is represented by four lines that are 
connected together at a node, as shown in Fig 4.6b. The length of each one of these line 
elements is 1414 mm, that is, the distance between two adjacent nodes (see Section 2.3.1). 
This length consists of two parts, 1200 mm (85% of the line element) for the tube and 214 
mm (15% of the line element) for the end connectors. In reality 15% of the length of each 
line member that relates to the end connectors has different geometrical and mechanical 
properties in comparison with the tubular element. Furthermore, the manners of the 
connectivity of the tubular elements to the connectors as well as the connectors themselves 
are not considered in the analytical model. This explains why the analytical model cannot 
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represent the test grid accurately and, therefore, a disagreement between analytical results 
and measured responses of the test grid is inevitable. 
Tubular elements 
connected by means of 
Analyt 
of co 
k-I (b) 
Fig 4.6. A view of four members of the test grid together with its analytical model 
The above problem also exists for the space structures constructed using a MFRO-type 
system when analysed using the standard analysis method. In the standard analysis method 
it is assumed that the whole of the structure consists of elements with uniform cross- 
section and material. Also, it is assumed that the elements are connected together at the 
intersection points either rigidly or by pinned joints. For instance, a considerable 
discrepancy was discovered between the analytical deflections and the measured 
deflections during the construction of the Split stadium in former Yugoslavia 121. This 
stadium was built for the VIII Mediterranean Games in 1979. It has a shallow double layer 
barrel vault roof spanning 180 m. the stadium was constructed in MERO system and when 
the temporary supports were removed the deflections were measured. These deflections 
were found to exceed the analytical predictions by 70%. 
Some researchers have claimed that the discrepancy between the actual and theoretical 
responses of the space structures is due to semi-rigidity of the connectors. They also 
mentioned that the actual behaviour of the structure lies somewhere between pin and rigid 
joints conditions [31. The comparison of the corresponding values in the third and fourth 
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columns of Table 4.1 shows that the maximum percentage difference of deflections of the 
nodes for pin and rigid cases are 2.4%. However, the experimental results indicate that the 
percentage of difference between deflections of each one of the nodes with 60 Nm and 120 
Nm degrees of bolt tightness is much more 2.4%. This shows that the actual responses of 
grid A could not be justified by semi-rigid behaviour of their connectors. 
The third conclusion is that the behaviour of the test grid is indeed affected by the degree 
of tightness of the bolts of the connectors. This may be clearly seen from the response 
curves in Figs 4.2 to 4.4. During the tests of grid A, the grid configuration, load and 
support conditions as well as the member properties for all the cases were the same and the 
sole variable was the degree of tightness of the bolts. Therefore, it can be concluded that 
the degree of tightness of bolts will affect the behaviour of the grid. 
In Figs 4.2 to 4.4 each graph is a load-deflection response of a node of grid A 
corresponding to a degree of tightness of the bolts. In order to obtain the response of the 
grid with 60 Nm and 120 Nm degrees of tightness, all the bolts of the connectors were 
loosened and then tightened to 60 Nm and 120 Nm, respectively, using a torque wrench 
(see Section 3.2.4). However, in practice the bolts of the connectors are usually tightened 
using ordinary spanners. In this case the degree of tightness depends on the length of the 
spanner as well as the amount of applied force by the worker. Since the amount of the 
force depends on the position as well as the physical conditions of the worker and cannot 
be accurately controlled, the connectors are not tightened to a specific degree of tightness. 
The term "normal tightness" is used to refer to this state of tightness of the bolts in a grid. 
The fourth conclusion is that the load-deflection responses of the nodes of grid A with 
normal tightness, as may be observed in Figs 4.2 to 4.4, lie between the graphs 
corresponding to 60 Nm and 120 Nm degrees of tightness. 
4.4 Discussion of the results of grid B 
Figs 4.7 to 4.15 show the experimental load-deflection responses of nodes 1,2 and 3 of 
grid B with different support conditions (B4, B8 and B12) and different degrees of 
tightness (60,120,180 and 240 Nm). Each figure corresponds to a node of grid B with a 
specific support condition and includes the load-deflection responses obtained for that 
node. In Figs 4.7 to 4.15, responses of the nodes with 60 Nm degree of tightness are drawn 
by dashed lines. Also, the responses of the nodes with 120 Nm, 180 Nm and 240 Nm 
degree of tightness are drawn by dotted, dash-dot and full lines, respectively. The degrees 
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of tightness are indicated by T60, T120, T180 and T240. Here, the letter T is an 
abbreviation for "tightness". The numerical results obtained through linear elastic analysis 
of the test grid B for the relevant nodes are also shown as a straight line in these figures, 
labelled "Analysis". 
A general observation of the graphs of Figs 4.7 to 4.15 reveals that unlike the analysis 
results, all of the experimental responses have a nonlinear behaviour, in particular, in the 
initial stages of the loading. Furthermore, it may be observed that all the graphs of the 
experimental results are on the right-hand side of the graph of the analysis results. These 
observations lead to the following conclusions: 
" In spite of the fact that the grid was tested in the elastic range and that even 
geometrically nonlinear analyses of the grid suggest linear responses for the nodes, 
the experimental results reveal that the actual load-deflection relationships of these 
nodes are nonlinear. This nonlinear response is thought to be due to the nonlinear 
behaviour of the connectors. 
" The experimental results indicate that in all the cases there are a considerable 
disagreement between actual deflections of the nodes of the grid and the analytical 
results. This is due to the differences between the analytical model of the grid and 
the actual grid, as explained in Section 4.3. 
" The degree of tightness of the bolts of the connectors affects the behaviour of the 
grid. This may be clearly seen from the load-deflection responses shown in Figs 4.7 
to 4.15. 
" The experimental load-deflection responses of the nodes reveal that in all the cases 
the flexibility of the grid will decrease clearly when the degree of tightness of the 
bolts increase. This trend continues until 180 Nm degree of tightness of the bolts. 
After that increasing the tightness of the bolts has no significant effect on the 
behaviour of some of the cases. However, this increase in some cases results in a 
more flexible behaviour. 
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Fig 4.7. Load-deflection responses of node 1 of grid B4 with different degrees of tightness 
of bolts together with the analysis results 
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Fig 4.8. Load-deflection responses of node 2 of grid B4 with different degrees of tightness 
of bolts together with the analysis results 
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Fig 4.9. Load-deflection responses of node 3 of grid B4 with different degrees of tightness 
of bolts together with the analysis results 
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Fig 4.10. Load-deflection responses of node 1 of grid B8 with different degrees of 
tightness of bolts together with the analysis results 
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Fig 4.11. Load-deflection responses of node 2 of grid B8 with different degrees of 
tightness of bolts together with the analysis results 
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Fig 4.12. Load-deflection responses of node 3 of grid B8 with different degrees of 
tightness of bolts together with the analysis results 
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Fig 4.13. Load-deflection responses of node 1 of grid B 12 with different degrees of 
tightness of bolts together with the analysis results 
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Fig 4.14. Load-deflection responses of node 2 of grid B 12 with different degrees of 
tightness of bolts together with the analysis results 
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Fig 4.15. Load-deflection responses of node 3 of grid B12 with different degrees of 
tightness of bolts together with the analysis results 
4.5 Analysis of grid B with consideration of 
the effects of the connectors 
As can be seen in Figs 4.7 to 4.15, there are considerable disagreements between the actual 
deflections of the nodes of grid B and the analytical results obtained from standard 
analysis. The experimental results in all the cases indicate that the grid is more flexible 
than the numerical results suggest. The main reason for the disagreement is due to the 
relative softness of the connectors that was not taken into account in the analysis. In order 
to obtain a better approximation of the response of the grid the actual stiffness of the 
connectors should be considered in the analysis. The aim of this section is to propose a 
simple method to consider the effects of the connectors in the analysis of the grid. This 
method is based on the use of the SAP2000 version 8.08 package that is easy to use in 
practical works and grid B with three different support conditions was analysed. 
In order to analyse grid B using SAP2000 package a complete set of data was produced. 
This set of data was included information about: 
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" Member connectivity, nodal coordinates and the manner of connection of members 
at nodes, 
" Support arrangements and support types, 
" Geometrical and mechanical properties of the members and 
" Loading information. 
The manner in which the effects of the connectors were considered in the analysis of grid 
B is described below. 
4.5.1 Geometry of grid B and joint type 
The plan of grid B is shown in Fig 2.3. In this figure the top layer elements are shown by 
thick lines and the bottom layer elements as well as the web elements are shown by thin 
lines. The centre-to-centre distance between the top and bottom layers is 1000 mm and all 
the elements have the same length of 1414 mm. The grid consists of 84 top layer elements, 
180 web elements and 96 bottom layer elements. These elements are connected together 
using 109 connectors. 
As discussed in section 4.2, the analytical responses of the double layer grids for both pin 
and rigid joints conditions are very close. So, all the joints of grid B were considered as 
pinned joints. 
4.5.2 Support arrangements and support types 
Grid B was analysed with three different support arrangements that are mentioned in 
Section 3.3. The support arrangement of grid B4, that is grid B with 4 supports, is shown in 
Fig 3.19. Also, the support arrangements of grid B8 and grid B12, which are grid B with 8 
and 12 supports respectively, are shown in Figs 3.20 and 3.21. The support positions are 
indicated by small squares in these figures. 
The support conditions for grids B4, B8 and B12 were considered as follow: 
" Three translational degrees of freedom of one of the corner supports were 
constrained, as shown in Fig4.1. 
" Two translational degrees of freedom of another corner support were constrained, 
as shown in Fig 4.1. 
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" All the other supports had only their vertical degree of freedom constrained. 
4.5.3 Modelling of elements with consideration of the connectors 
A typical element of grid B built in the MERO system consists of a steel tubular element 
together with end connectors. This element is connected to the rest of the structure by 
means of the end balls, Fig 4.16a. To model space frame members which include the 
effects of joint characteristics, the joints at the ends of the member could ideally be 
simulated by typical structural components. Fig 4.16b shows a possible simulation of the 
typical element that was used in analysis of grid B. In this figure each end connector 
including conical end piece, bolt, sleeve and a part of ball was simulated by using one 
variation at the ends of the element that is referred to as "end element". 
When the individual components of a connector are flexible, the axial deformation of 
theses components can be considerable. The connector deformation may then have 
significant effects on the response of the grid. The constitutive relationship curve for axial 
force-displacement of a connector has two important characteristics, namely, 
" Initial stiffness and 
" Ultimate strength. 
The magnitude of these two characteristics governs the behaviour of the structure in two 
different limit states, that is serviceability and ultimate limit states. In the ultimate limit 
state, these two characteristics can be important and should be considered in the modelling 
of the grid. 
In the MERO jointing system the axial rigidity of a connector is usually lower than that of 
its attached tubular elements. The modelling of the behaviour of a connector requires 
information about the axial force-displacement characteristics of the connector. This 
relationship should be found experimentally. In the proposed model each "end connector" 
was considered as a pipe with small cross-section. 
It is assumed that the tubular elements have a uniform cross-section and material. In the 
case of grid B the tubular element is modelled using a pipe with outer diameter of 76.4 mm 
and thickness of 3.5 mm. The length of the pipe is 1200 mm, Fig 4.16b, that is the length 
of tubular element. The material of the pipe was considered to be steel with the modulus of 
elasticity of 206 kN/mm2. 
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Fig 4.16. (a) A typical component. (b) An analytical model 
The length of the "end element' 'is 107 mm and its material was considered to be steel with 
the modulus of elasticity of 206 kN/mm2. Each one of these "end elements" was connected 
to the tubular element rigidly. It is assumed that the "end elements" have a uniform cross- 
section in such a way that their axial stiffness is equal to stiffness of the whole of the end 
connectors. The cross-section of these elements that is an equivalent cross-section for the 
connector must be found from force-deformation relationship of the connector 
experimentally. 
4.5.4 Loading and analysis 
A concentrated load of 300 kN was applied at the central node of the upper layer of grid B. 
The position of the applied load is shown by a little circle in Fig 3.22. Since the joint 
deflection measurements during the testing of grid B did not include the effect of self- 
weight of the grid, it was not taken into account. The deflections of nodes 1,2 and 3 of 
grids B4, B8 and B12 whose positions are shown in Fig 3.22 were obtained. 
In the proposed model when the cross-section of the "end elements" is the same as the 
tubular elements the load-deflection responses obtained for the nodes of grid B are shown 
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in Figs 4.7 to 4.15 by straight thick lines. Also, smaller value for the cross-section of the 
"end elements" will result in greater deflection of the nodes. The author has examined a 
number of different cross-sections for the "end elements". When the cross-section of the 
"end elements" is considered as 200 mm2 (about 1/4 of the cross-sectional area of the 
tubular elements) the analytical results indicate a good agreement with the experimental 
results. The analytical results from the proposed method are shown in Figs 4.17 to 4.25. 
Also, the experimental load-deflection responses of nodes 1,2 and 3 of grid B with 
different support conditions and different degrees of tightness are shown in these figures. 
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Fig 4.17. Experimental load-deflection responses of node 1 of grid B4 with different 
degrees of tightness of bolts together with the analysis results 
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Fig 4.18. Experimental load-deflection responses of node 2 of grid B4 with different 
degrees of tightness of bolts together with the analysis results 
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Fig 4.19. Experimental load-deflection responses of node 3 of grid B4 with different 
degrees of tightness of bolts together with the analysis results 
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Fig 4.20. Experimental load-deflection responses of node 1 of grid B8 with different 
degrees of tightness of bolts together with the analysis results 
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Fig 4.21. Experimental load-deflection responses of node 2 of grid B8 with different 
degrees of tightness of bolts together with the analysis results 
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Fig 4.22. Experimental load-deflection responses of node 3 of grid B8 with different 
degrees of tightness of bolts together with the analysis results 
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Fig 4.23. Experimental load-deflection responses of node 1 of grid B 12 with different 
degrees of tightness of bolts together with the analysis results 
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Fig 4.24. Experimental load-deflection responses of node 2 of grid B12 with different 
degrees of tightness of bolts together with the analysis results 
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Fig 4.25. Experimental load-deflection responses of node 3 of grid B12 with different 
degrees of tightness of bolts together with the analysis results 
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CHAPTER 5 
CONCLUSIONS 
5.1 Introduction 
In the construction of a prefabricated double layer grid the accumulation of the 
imperfections usually shows itself in the assembly process. These imperfections are mainly 
due to: 
" Lack of fitness of components during the manufacturing in the factory, 
" Deformation of components during loading, transportation and unloading, 
" Imperfections in support positions and geometry of assembled parts and 
" Human error during the assembly process. 
These imperfections that are usually inevitable will change the theoretical configuration of 
the double layer grid to a certain degree. In the initial steps of the assembly process the 
discrepancy is negligible. During the assembly, adjusting the amounts of the penetration of 
the bolts into the spherical nodes is often used to compensate for the accumulation of 
discrepancies. Variations in the amounts of bolt penetration, lack of sufficient spanner 
space for tightening of some bolts, effects of the tightening of one bolt on the degree of 
tightness of other bolts and human error will result in different degrees of tightness for 
different bolts in a double layer grid. 
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In a MERO-type system, due to the presence of bolts and sleeves, discontinuities between 
the connected parts are inevitable. Due to the presence of gaps and prestressing as a result 
of the presence of bolts, the mechanism of load transfer at these discontinuities is complex. 
Also, in this type of connectors, the transfer of compression through the sleeve and the 
transfer of tension through the bolt will give rise to more complexity. Furthermore, each 
bolt is subjected to different degrees of tightness and the degree of bolt tightness affects the 
width of the gaps as well as the amount of prestressing. 
The above considerations lead to the following conclusions: 
" The degrees of bolt tightness in a double layer grid that consists of a large number 
of elements will lie in a range rather than being a fixed amount. 
The bolt tightness will affect the load transfer mechanism of the connectors which, 
in turn, affect the behaviour of the whole double layer grid. 
" The study of the effects of the degree of tightness of the bolts on the behaviour of 
double layer grids is complex and cannot be done in a purely theoretical approach. 
" Small scale models of double layer grids cannot represent the behaviour of such 
structures in real life situation. 
In the present work, in order to achieve a good understanding about the influence of bolt 
tightness on the behaviour of double layer grids, a programme of experimental work on 
two actual double layer grids was carried out. The grids were 10m by 10m in plan and 
constructed from actual size components. The grids were tested with different support 
conditions and different levels of bolt tightness. The deflections of a number of nodes of 
the grids were measured as responses of the test grids versus applied loads. The results are 
presented in Chapter four of the Thesis. The collection of these test results lead to the 
discussions and conclusions that are presented in the sequel. 
5.2 Discussion 
Since the 1980's extensive research has been conducted in relation to semi-rigidity of the 
connectors of the rectangular steel frames. But the studies related to the effects of the semi- 
rigidity of the connectors in space structures are rather limited. The following comments 
can be concluded based on experimental and analytical studies of researchers about semi- 
rigidity of the connectors: 
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" Flexibility of the connectors has a significant effect on the behaviour of the space 
structures. 
" The behaviour of a semi-rigidly jointed space structure is between the extremes of 
absolute rigidity and absolute flexibility provided that the semi-rigidity of the 
connectors is due to flexural deformability. 
" The laws of variation of internal forces and displacements depend on the sensitivity 
of the structure to the semi-rigidity of the connectors. 
" Shallow domes are more sensitive to semi-rigidity of connectors [3]. 
The behaviour of a connector in a space structure is not always bending dominated. In 
double layer grids the behaviour is dominated by axial force. Therefore, flexibility of the 
connectors cannot have considerable effect on the response of double layer grids. 
In Section 4.2, a test grid was analysed twice. The first analysis was performed using the 
assumption that all the joints of the grid behave as pin joints and in the second analysis all 
the joints were considered as rigid joints. The comparison of the numerical results obtained 
from analysis of the grids for pin and rigid joint conditions shows that the deflections of 
the nodes for two extremes cases are very close. This is in spite of the fact that the test 
results given in Chapter 4 indicate that the deflection of a node of the test grids will change 
considerably when the degree of bolt tightness changes. Therefore, the actual responses of 
the test grids do not lay between the extremes of pin and rigid joint cases. 
The double layer grids are less sensitive to the semi-rigidity of the connectors than other 
types of space structures [3]. This is due to the fact that the main internal forces in double 
layer's elements are axial forces and non-axial force effects (such as bending) in these 
structures are normally secondary. 
In view of the above considerations it can be concluded that semi-rigid behaviour of the 
connector cannot justify the actual responses of the test grids with different degrees of 
tightness of the bolts. Therefore, bolt tightness is an independent phenomenon and the 
studies related to the effects of this phenomenon on the behaviour of double layer grids has 
not been reported in the literature. 
In Chapter 3, a test procedure is presented that enables realistic testing of the effects of bolt 
tightness on the actual response of a double layer grid. The load-deflection responses of the 
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grid are presented in Figs 3.23 to 3.58. These figures show that unloading branches of the 
load-deflection relationships of the grid are in good agreement with the corresponding 
loading branch. This indicates that the test grid during all the tests remained in the elastic 
range. However, a general observation of the graphs reveals that all the experimental 
responses have a nonlinear behaviour, in particular, in the initial stages of the loading. This 
nonlinear response is thought to be due to the nonlinear behaviour of the connectors. In 
what follows the internal force-displacement relationship of a tubular element and 
connected bolt under tensile force is discussed. It is assumed that tubular elements and 
bolts have elastic-perfect plastic behaviour for the corresponding force-displacement 
response. 
Since stability is only of secondary concern in tension members, a tubular element 
achieves its ultimate strength when all fibres of the cross-section have yielded. The 
strength may be expressed as: 
Tu= Fy Ag 
Where Fy is the yield stress, Ag is the gross cross-sectional area and T is the ultimate 
strength. As given in Section 2.4.1 the minimum yield stress of a tubular element is 
measured 460 Mpa and the gross cross-sectional area of the tube is 8.4 cm2. Therefore, 
assuming uniform distribution of tensile stress, a tubular element behaves in linear elastic 
range up to 386.4 kN internal force. 
For tension members having holes, as in the MERO-system, the reduced cross-section is 
referred to as the net area. Holes in a member cause stress concentrations (no uniform 
stresses). Theory of elasticity shows that tensile stress adjacent to a hole will be about three 
times the average stress on the net area. However, as each fibre reaches yield strain its 
stress then becomes a constant Fy, with deformation continuing with increasing load until 
finally all fibres have achieved or exceeded yield strain. The strength of a tension member 
having hole may be expressed as: 
Tý= Fy An 
Where A is the net area of the cross-section. Furthermore, several methods are used to cut 
holes. During the cutting operation the metal of the edge of the hole is damaged and this 
will affect the net cross-sectional area. As shown in Fig 2.4, the net cross-sectional area of 
a bolt can be estimated 2.14 cm2 (3.14-2x0.5=2.14). Also, the yield stress of the bolts is 
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given in Section 2.4.1 as 529 Mpa. Therefore, the ultimate strength of a bolt is 113.2 kN 
and after that the bolt will continue to deform without inducing additional resistance. 
In view of the above consideration, a bolt behaves in a nonlinear range before 113.2 kN 
internal force. This nonlinear behaviour is due to stress concentration in cross-section as 
well as uncertainty of net area of the cross-section. After 113.2 kN internal force, the bolt 
behaves in plastic range. This is in spite of the fact that the tubular elements that are the 
main components of the test grids behave in elastic linear range up to 386.4 kN internal 
force. Fig 5.1 shows a failure that occurred in a bolt of the test grid while the overall 
behaviour of the grid was in the linear range. This bolt was located in the middle of the 
bottom layer of the grid and the internal force was maximum. 
The same situation happen when a tubular element was under compressive force. In this 
case, a sleeve is a medium through which compressive forces are transmitted from the 
conical end piece to the ball (Section 1.3). In spite of the fact that all the tubular elements 
were in the linear elastic range, some related sleeves were deformed considerably. A sleeve 
that deformed during the test is shown in Fig 5.2. 
Fig 5.1 Failure of a bolt during the test 
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Fig 5.2 A considerable deformation of a sleeve 
5.3 Conclusions 
A study of the load-deflection responses of the test grids leads to the following 
conclusions: 
" Since the unloading branches of the load-deflection responses of the grids, which 
are presented in Chapter 3, are in good agreement with the corresponding loading 
branches, it can be concluded that the test grids during the experiments remained in 
the elastic range. 
0 Although the grids were tested in the elastic range, the results indicate that the 
actual load-deflection responses, in particular in the initial stages of loading, are 
nonlinear. This nonlinear response is thought to be due to the nonlinear behaviour 
of the connectors. 
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" The comparison of the experimental load-deflection responses with the analysis 
results of the grids show that in all the cases there are major disagreements between 
the actual and analytical deflections of the grids (see Chapter 4). 
" The experimental results indicate that in all the cases the actual deflections of the 
grids are greater than those obtained from the analysis of the grids. 
" The load-deflection responses of the grids in all the cases show that the degree of 
bolt tightness of the connectors has a considerable effect on the deflections of the 
grids. 
" The studies show that the load-deflection responses of each grid with a specific 
support condition lie between two limits, which are the upper and lower limits of 
the responses. Each one of these limits is related to a specific degree of bolt 
tightness. The lower limit is related to the lowest degree of bolt tightness. This, in 
practice, is thought to be around 60 Nm. The degree of bolt tightness related to the 
upper limit depends on the configuration, loading and support condition of the grid. 
The upper limit of bolt tightness for grid B seems to be around 180 Nm. 
" In practice the bolts in a MERO-type double layer grid, unlike the bolts in the test 
grids, can have various degrees of tightness. However, even in this case, it is logical 
to expect that the load-deflection response of the grid will lie in a region whose 
upper and lower limits corresponds to the loading and support conditions of the 
grid. The load-deflection response of grid A with normal bolt tightness confirms 
this fact. 
" The experimental results show that the width of the response region depends on the 
stiffness of the grid. This width will increase when the stiffness of the grid 
increases. 
" The experimental load-deflection responses show that the stiffness of the grids will 
increase when the degree of bolt tightness increases. This trend continues until the 
upper limit of the load-deflection response is reached. After that, increasing the 
tightness of the bolts does not have any major effect on the behaviour of the grid. 
However, this increase in the stiffer grids give raises a more flexible behaviour. 
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5.4 Recommendations for further research 
In terms of the effects of bolt tightness on the load-deflection responses of double layer 
grids, some topics for further research are listed below: 
" Studying the actual responses of double layer grids with respect to the 
configuration, span, loading and support conditions using experiments; 
" Although it is thought that the bolt tightness has no major effects on the internal 
forces in the elements of a double layer grid, but further investigation of this matter 
is a worthwhile research project. 
" Developing a three-dimensional finite element modelling scheme for the MERO- 
type jointing system so that the effects of bolt tightness can be modelled 
analytically. 
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APPENDIX 
NUMERICAL RESULTS OF 
THE TESTS 
A. 1 Introduction 
The difficulties and high cost of full-scale tests are the reasons for the experimental studies 
into behaviour of structures are usually carried out on small-scale models. So, information 
on the real behaviour of a structure, in contrast with that of a small-scale model, is scarce 
and valuable for researchers. 
The effects of the degree of bolt tightness in double layer grids are complex and the results 
obtained from the tests conducted on small-scale models cannot reliably reflect the actual 
behaviour. Therefore, in order to investigate the effects the degree of bolt tightness on the 
behaviour of double layer grids the use of full-scale test grids is unavoidable. So, the 
numerical results presented in this appendix together with the information given in the 
Thesis can be useful for further research in this field. 
A. 2 Tables 
The numerical results given in this appendix are related to results obtained from fifteen 
different tests on two double layer grids. Grid A with four supports was tested with three 
different degrees of bolt tightness (three tests). Also, grid B was tested with three different 
support conditions (four, eight and twelve supports) and four different degrees of bolt 
tightness (twelve tests). 
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In order to increase the accuracy of the results, each test was carried out twice. The letter 
"a" in the title of each Table shows that the results are related to the first test. Also, the 
letter "b" indicates that the results are obtained from the second test. For instance Table 
"Ala" is related to load-deflection responses obtained from the first test on grid A with 60 
Nm degree of tightness, while Table "Alb" contains the load-deflection responses of the 
second test. 
A. 3 Numerical results 
During the tests, displacements of twelve bottom layer nodes of the test grids together with 
different applied loads were measured and stored in output files. The positions of these 
nodes are shown by little circles in Figs 3.1 and 3.22. Also, the loads were applied to the 
central node of the top layer of the grids. The amounts of the applied loads and the 
displacements of the nodes are given in the Tables Ala to A15b. Each of these tables has 
thirteen columns as follows: 
" The first to twelfth columns indicate the displacements of nodes 1 to 12 of the 
bottom layer of the grids. 
" The last column shows the applied load. 
Due to symmetry of the grids as well as the loading and the support conditions, 
displacements of the following groups of nodes are the same: 
" Group 1 consists of nodes 1,6,7 and 12 
" Group 2 consists of nodes 2,5,8 and 11 
" Group 3 consists of nodes 3,4,9 and 10 
Therefore, in the calculation process of the load-deflection responses of the grids the 
average deflections of each group was considered as the deflection of each of the nodes in 
that group. 
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